Linköping Studies in Science and Technology
Dissertation No. 1261

Flexible Wireless Receivers:
On-Chip Testing Techniques and
Design for Testability
Rashad.M.Ramzan

Department of Electrical Engineering
Linköping University, SE-581 83 Linköping, Sweden
Linköping 2009

ii
This is a Doctorate Thesis.
Swedish postgraduate education leads to a Doctor’s degree and/or a Licentiate’s degree.
A Doctor’s Degree comprises 240 ECTS credits (4 years of full-time studies).
A Licentiate’s degree comprises 120 ECTS credits,
of which at least 60 ECTS credits constitute a Licentiate’s thesis.

Linköping studies in science and technology.
Dissertation No. 1261
Flexible Wireless Receivers: On-Chip Testing Techniques and Design for Testability
Rashad.M.Ramzan

rashad@isy.liu.se; rashad@ieee.org.
www.ek.isy.liu.se
Department of Electrical Engineering
Linköping University
SE-581 83 Linköping
Sweden

ISSN 0345-7524
ISBN 978-91-7393-601-9
Copyright © 2009 Rashad.M.Ramzan
Printed by LiU-Tryck, Linkoping 2009

Abstract
In recent years the interest in the design of low cost multistandard mobile
devices has gone from technical aspiration to the commercial reality. Usually,
the emerging wireless applications prompt the conception of new wireless
standards. The end user wants to access voice, data, and streaming media using a
single wireless terminal. In RF perspective, these standards differ in frequency
band, sensitivity, data rate, bandwidth, and modulation type. Therefore, a
flexible multistandard radio receiver covering most of the cellular, WLAN, and
short range communication standards in 800MHz to 6GHz band is highly
desired. To keep the cost low, high level of integration becomes a necessity for
the multistandard flexible radio.
Due to aggressive CMOS scaling the fT of the transistors has surpassed the
value of 200 GHz. Moreover, as the CMOS technology has proven to be the best
suited for monolithic integration, therefore it seems to be the future choice for
the physical implementation of such a flexible receiver. In this thesis, two
multiband sampling radio receiver front-ends implemented in 130 nm and 90 nm
CMOS including test circuitry (DfT) are presented that is one step ahead in this
direction.
In modern radio transceivers the estimated cost of testing is a significant
portion of manufacturing cost and is escalating with every new generation of RF
chips. In order to reduce the test cost it is important to identify the faulty circuits
very early in the design flow, even before packaging. In this thesis, on-chip
testing techniques to reduce the test time and cost are presented. For integrated
RF transceivers the chip reconfiguration by loopback setup can be used.
Variants including the bypassing technique to improve testability and to enable
on-chip test when the direct loopback is not feasible are presented. A technique
iii
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for boosting the testability by the elevated symbol error rate test (SER) is also
presented. It achieves better sensitivity and shorter test time compared to the
standard SER test.
Practical DfT implementation is addressed by circuit level design of various
test blocks such as a linear attenuator, stimulus generator, and RF detectors
embedded in RF chips without notable performance penalty. The down side of
CMOS scaling is the increase in parameter variability due to process variations
and mismatch. Both the test circuitry (DfT) and the circuit under test (CUT) are
affected by these variations. A new calibration scheme for the test circuitry to
compensate this effect is presented. On-chip DC measurements supported by a
statistical regression method are used for this purpose.
Wideband low-reflection PCB transmission lines are needed to enable the
functional RF testing using external signal generators for RF chips directly
bonded on the PCB. Due to extremely small chip dimensions it is not possible to
layout the transmission line without width discontinuity. A step change in the
substrate thickness is utilized to cancel this effect thus resulting in the lowreflection transmission line.
In summary, all of these techniques at the system and circuit level pave a way
to new opportunities towards low-cost transceiver testing, especially in volume
production.

Preface
This thesis presents the research I have been involved in during the period
September 2004 to March 2009 at the Electronic Devices group, Department of
Electrical Engineering, Linköping University, Sweden.
I started working on the testability of on-chip radio transceivers. Very soon it
was realized that in modern transceivers testability cannot be implemented after
the completion of radio design and its layout; rather it should be a part of the
design process especially for future multistandard radio receivers. As a
consequence this research work addresses broader perspective of fascinating
area of radio receiver design. This includes RF front-end design, Design for
Testability (DfT), and efficient test approaches both at system and circuit level.
This research has resulted in several papers published in international
conferences and journals that can be divided in three groups. The first group of
papers describes the design and implementation of wideband radio receiver
front-ends. Testability techniques and particularly on-chip loop-back and SER
(symbol Error Rate) test constitute the second group of papers. The third group
deals with the circuit level design of on-chip DfT circuitry (detector, attenuator,
and stimulus generator) including the effect of process variation and design of
low-reflection transmission lines. The following papers are included in this
thesis:
• Paper 1: R. Ramzan, S. Andersson, J. Dabrowski, and C. Svensson
“A 1.4V 25mW Inductorless Wideband LNA in 0.13µm CMOS,” IEEE
International Solid State Circuits Conference (ISSCC), pp.424-425,
San Francisco, CA, USA. February 2007.
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• Paper 2: R. Ramzan, S. Andersson, J. Dabrowski, and C. Svensson
“Multiband RF-Sampling Receiver Front-End with On-Chip Testability
in 0.13µm CMOS,” Journal of Analog Integrated Circuits and Signal
Processing, DOI 10.1007/s10470-009-9286-x, Feburary 2009.
• Paper 3: R. Ramzan, N. Ahsan, J. Dabrowski, and C. Svensson “A
0.5-6GHz Low Gain RF Front-End for Low-IF Over-Sampling
Receivers in 90nm CMOS, ” IEEE Transactions on Circuits and
Systems-II (TCAS-II), Submitted, 2009.
• Paper 4: J. Dabrowski and R. Ramzan “Boosting SER Test for RF
Transceivers by Simple DSP Technique,” IEEE Design Automation
and Test in Europe Conference (DATE), pp.1-6, Acropolis, Nice,
France. April 2007.
• Paper 5: J. Dabrowski and R. Ramzan “Built-in Loopback Test for IC
RF Transceivers,” IEEE Transaction on Very Large Scale Integrated
Systems (TVLSI), 2009, Accepted for publication, expected date,
August, 2009.
• Paper 6: R. Ramzan and J. Dabrowski “CMOS blocks for on-chip RF
test,” Journal of Analog Integrated Circuits and Signal Processing,
Vol.49, pp 151-160, 2006.
• Paper.7: R. Ramzan, N. Ahsan, and J. Dabrowski “On-Chip Stimulus
Generator in 90nm CMOS for Gain, Linearity, and Blocking Profile
Test of Wideband RF Front-ends,” IEEE Transactions of
Instrumentation and Measurement, Submitted, 2009.
• Paper 8: R. Ramzan and J. Dabrowski “CMOS RF/DC Voltage
Detector for on-Chip Test,” IEEE Multitopic Conference (INMIC),
pp.472-476, Islamabad, Pakistan, December 2006.
• Paper 9: R. Ramzan and J. Dabrowski “On-chip Calibration of RF
Detectors by DC Stimuli,” IEEE Radio Frequency Integrated Circuits
(RFIC) Symposiu, pp. 571-574 Atlanta, Georgia, USA, June 2008.
• Paper.10: R. Ramzan, J. Fritzin, J. Dabrowski, and C. Svensson
“Wideband Low Reflection Transmission Lines for Bare Chip on
Multilayer PCB,” IEEE Transactions on Advanced Packaging,
Submitted, 2009.
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Contributions
The main contributions of this dissertation are as follows:
• A new wideband LNA† architecture for multiband receivers. This was
smallest wideband LNA reported to author’s knowledge when published in
2007 (Paper1&2).
• A new low gain RF front-end with improved linearity for multiband
receivers utilizing extremely high over-sampling Σ∆ A/D converter with
small area overhead and power consumption. (Paper3).
• A new technique to enhance the sensitivity for Symbol Error Rate (SER)
test for RF transceivers (Paper4).
• A thorough analysis of loopback test for different kind of transceiver
architectures highlighting the test feasibility and tradeoffs with respect to
controllability, and observability (Paper5).
• Design and implementation of DfT circuit blocks i.e. RF detector and RF
attenuator to demonstrate the feasibility of on-chip testing (Paper6&8).
• Design and implementation of on-chip stimulus generator and successful
demonstration of on-chip gain, linearity, and blocking profile
measurements of wideband receiver front-end (Paper7)
• A new calibration methodology using DC stimuli and Artificial Neural
Networks (ANNs) as a multivariate regression technique to reduce the
effect of process variation on embedded DfT circuitry (Paper9).
• A technique to design low-reflection wideband (1-6 GHz) transmission
lines for multilayer PCB (Paper10).
†

The figure of merit for our proposed wideband LNA is the best as reported in the paper by J. Hu, Y.
Zhu, H. Wu, “An Ultra-Wideband Resistive-Feedback Low-Noise Amplifier with Noise Cancellation in
0.18µm Digital CMOS,” IEEE SiRF pp. 218-221, 2008.
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Part I
Background

1

Chapter 1
Introduction

“If you cannot test it – you cannot build it.”
Anonymous.

1.1 Historic Pictorial of Wireless Communication
Communication of message at a distance always fascinated the human beings.
Over the generations people have invented ingenious techniques and were using
them for centuries without major modifications. These techniques in their early
form were the smoke puffs or sunlight reflection by mirrors. The Great Wall of
China built in 220 BC has smoke mounds (or kiosks) used to send fire signals
during the night and smoke signals in the daytime [1].
How old is the wireless technology? It might be surprising to find that their
root goes back well over a century. In 1819, the Danish physicist Hans Christian
noted that a compass needle would move in the presence of an electric field.
This fundamental relationship between electricity and magnetism gave birth to a
fascinating field of electromagnetics. A Scottish physicist James Clerk Maxwell
mathematically explored this fundamental relationship in 1873. His work in the
form of Maxwell’s equations describes the propagation of electromagnetic
waves through space. Remarkably, we use them to this day without any
modification. Maxwell had never seen a radio but the theory he developed paved
the way to the fascinating world of radio communication.
3
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Figure 1.1: Jack Kilby's first working integrated circuit was an oscillator
which is an integral part of today’s radio transceivers

In 1895, a self-taught Italian inventor Guglielmo Marconi first time sent a
radio signal across the English Channel and later on across the Atlantic. These
remarkable achievements led to the further developments and ultimately to the
public use of radio in 1907. Guglielmo Marconi was awarded with the Nobel
Prize in 1909. After that, there is a large list of inventors, radio enthusiasts,
scientists, and engineers. Notable among them are: Edwin Armstrong, who
envisaged the super-heterodyne architecture (still in use today) and designed the
FM radio. Lee De Forest, who invented the electron tube. The early radios used

1.1 Historic Pictorial of Wireless Communication

5

DC and AC generators, electro-mechanical switches, and vacuum tubes as their
building blocks.
The approach to the radio design and engineering changed dramatically after
the invention of the bipolar transistor by Bell Telephone Laboratories in 1947.
In comparison with vacuum tubes, the transistors were minuscule, more reliable,
long lasting, produced less heat, and consumed less power. The second
breakthrough was the invention of Integrated Circuits (ICs) by Jack Kilby – he
was awarded with the Nobel prize for Physics in 2000. In his first attempt, he
integrated a transistor, resistors, and a capacitor on a slice of germanium and
demonstrated the successful 1.3 MHz on-chip oscillator (shown in Figure 1.1) to
his colleagues on September 12, 1958 [2]. This first IC was built out of
germanium bits because the art of diffusion in silicon was not well established at
that time. The bondwire was used to connect various components compared to
the metallization layers used in today’s integrated circuits [3].
Since then, the integrated circuits have proven to be an incredible
implementation platform for radio designers. Today, we continue to build new
radio transceivers because of the fact described by Isaac Newton: "If I have seen
further, it’s by standing on the shoulders of giants".

1.1.1

Trends in CMOS Scaling

Intel co-founder Dr. Gordon E. Moore predicted in 1965 that the number of
transistors, manufacturers will be able to put on a single chip would double
every year. At that time, the state of the art chip had about fifty transistors. In
1975, Moore altered his projection to a doubling every two years, thinking that
the pattern would last at most a decade longer. Doubling every eighteen months
is a popular misconception. Despite many practical barriers to the scaling of
CMOS technology, the exponential growth of the semiconductor industry has
not only proceeded successfully for more than thirty years, but has recently
accelerated its pace. The new Intel chip, code name Tukwila, hits the market
with two billion transistors [4][5]. The important benefits and snags arising from
this classic scaling trend are:
• The increase in frequency is proportional to 1 LGATE . This allows
faster circuits and eventually the GHz CMOS radio transceivers are
reality now.
• The reduction in chip area is proportional to L2GATE . This area
reduction directly results in the reduced cost per transistor. Gordon E.
Moore recently made an educated guess about the cost and number of
transistors produced annually (1018 ). He states, “We make more
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transistors per year then the number of printed characters in all the
newspapers, magazines, books, photocopies, and computer printouts.
We sell these transistors for less than the cost of a character in the
Sunday New York Times” [6]. The reduction in per transistor cost has
made the CMOS mobile radios affordable to almost every-one on this
planet and this is the one of the prime reasons behind the tremendous
growth of radio technologies.
• Switching power density is almost constant. This allows lower power
or more complex circuits at the same power consumption. The actual
industry data does not fully comply with this prediction. Since VDD has
not been decreasing as fast as LGATE, the power density has, in fact,
been growing rather then staying at the constant level.
• A fourth consequence of CMOS scaling is increased gate leakage
current which is undesirable. The standby or gate leakage current
density increases exponentially as the gate length of transistor scales. It
has not been a particularly negative feature for radio circuits; rather it is
more undesirable for digital circuits having billions of transistors on a
single chip. A suggested solution to gate leakage problem is the use of
high-K dielectric instead of SiO 2 for gate isolation [7].

The ITRS-2007 predicted scaling trends are summarized in the Table 1.1 [8].
The RF CMOS technology typically lags behind the standard CMOS technology
roadmap by approximately one year. It is widely believed in scientific
community that this scaling trend will continue during coming decades until the
transistor feature size approaches the physical atomic limit of material used in
manufacturing.
Traditionally the GHz radio circuit design is dominated by compound
semiconductor technologies like GaAs and group III-V semiconductors (i.e.
GaAs, InGaP, InP) due to their excellent RF performance. Hetero-structure
FETs such as HFETs, p-HEMTs, and m-HEMTs provide better noise figure and
higher breakdown voltage, making them ideal candidates for LNAs and PAs.
The GaAs-based HBT has been an excellent choice for PAs in wireless
communications that provided higher gain and superior power added efficiency.
Due to constant scaling trend in CMOS, the fT of Si-based CMOS devices is
now in hundreds of GHz range. Moreover, the Si CMOS and BiCMOS are the
only technologies available, which are suitable for low cost on-chip integration.
The availability of low cost and highly integrable CMOS technology is one of
the corner stones behind the tremendous growth of wireless communication.
Present industrial trend shows that CMOS technology is extensively used for
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low-cost radio applications. The Si CMOS devices have become the technology
of choice for low cost next-generation wireless systems [9].
Year
Technology Node (nm)
Nominal Supply Voltage (V)
Threshold Voltage (V)

2004
90
1.2
0.2

2007
65
1.1
0.18

2010
45
1.0
0.15

2013
32
0.9
0.11

2016
22
0.8
0.10

NMOS Peak fT (GHz)

120

200

280

400

700

NMOS Peak f max (GHz)

140

220

310

450

750

NMOS NFmin (dB)

0.7

0.5

0.4

0.27

0.24

Table 1.1: ITRS predicted scaling trend

1.1.2

Radio Transceiver Architectures

The superheterodyne architecture was originally conceived in 1918 by Edwin
Armstrong to overcome the deficiencies of regenerative receivers having better
sensitivity but poor selectivity. The superheterodyne receiver converts the
variable signal frequency ( f RF ) to the fixed intermediate frequency ( f IF ).
Channel filtering is performed on fixed f IF as it is much easier to design a
high-Q Surface Acoustic Wave (SAW) filter for fixed intermediate frequency
compared to variable RF frequency. Hence, this architecture offers better
selectivity and sensitivity at the same time. The flip side of the coin is the
ineptness for on-chip implementation. This hurdle can be removed using low-IF
or zero-IF instead of high-IF. The low-IF signal can be directly digitized and
burden of channel filtering can be shared between the analog and digital parts of
radio receivers. The image problem is same in both cases and usually addressed
by incorporating image reject filters or using image reject architectures like
Hartley or Weaver.
The homodyne or zero-IF architecture do not use intermediate frequency and
hence there is no image frequency problem. Using a single mixer stage, it
converts RF signal directly to baseband without the need of external SAW
filters. Zero-IF architecture is suitable for integration on a single chip. The zeroIF is not problem free, rather DC offset and 1 / f noise problem is much severe
compared to its counterparts. Both zero-IF and low-IF architectures convert the
signal frequency to very low frequency. Consequently, on-chip channel select
filter and analog to digital conversion is simplified.

8
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There is an obvious need for a new architecture for future multistandard
receivers, which is highly flexible, reconfigurable, suitable for on-chip
integration, and also has low power consumption. One possible candidate that
can meet all the above listed requirements is the direct RF sampling zero-IF
architecture [10].
The transmitter architectures can be broadly divided into two classes, mixer
based and VCO modulating. The mixer-based architecture can be implemented
using single step up-conversion (homodyne) or two-step up-conversion
(heterodyne). Mixer based designs operate with constant and variable envelope
modulation and are well suited for multistandard operation. VCO modulating
(PPL based) architectures are promising with respect to elimination of discrete
components but are fundamentally limited to constant-envelope modulation
schemes. For modern multistandard transmitters, mixer based architectures are
preferred due to the ease of on-chip integration [10].

1.1.3

Emerging Wireless Standards

The knowledge to transfer data and voice without wires is more than a
century old. The beginning of 20th century was marked with radio broadcasting
and information transmission in the form of telegraph. Then came the telephony
and radio broadcasting. After a short pause the radio broadcasting transformed
into television characterized with the transmission of voice with picture. This
was indeed a start of new era dominated by the vacuum tubes. The successful
commercialization of extremely low cost integrated circuit technology capable
of handling radio frequencies in 1980 was the trigger point for the explosion in
radio communication technologies. At the same time, the tremendous growth of
personal computers and internet combined with radio communications gave rise
to new type of marketable devices called mobile terminals. These mobile
terminals can take many forms depending upon the application. The main force
behind the evolution of the mobile terminals is the birth of new applications,
increased & improved functionality, lower cost, and miniaturization.
The wireless standards can be classified with respect to the range, bandwidth
and mobility. The example of long range standards (WAN) are systems like
GSM, GPRS, EDGE, DCS1800, UMTS, WCDMA, HSDPA, HSUPA, LTE, and
WiMAX (IEEE802.16). The medium range standard (LAN) are for indoor use
with range in hundreds of meters like DECT, WiFi (IEEE802.11a,b,g,n). The
short-range standards (PAN) are also named as personal data networks like
Bluetooth (IEEE 802.15.1), Zigbee (IEEE 802.15.4), Wibree, UWB, and
HomeRF.
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With the advent of all these standards, new services are envisaged every day
utilizing these standards and generating the need for new ones. Now a days the
new services like digital radio (DAB) and digital video (DVB-T, DVB-H) use
the internet with specialized backbone for data communication. The desire to
transmit data, voice and video at low cost has given rise to the need of a single
terminal which can adopt to any of the long, medium or short range wireless
standard to provide the optimal service (needed data rate with low cost and
reliability) to the customer. One such a device is termed as software defined
radio (SDR) in context of commercial mobile communication. The concept and
the realization of SDR is hot area of research these days and entail many tough
challenges in antenna design, RF front-end, and baseband processing.

1.2 Testing of Next Generation Transceivers
RF testing is challenging because the analog and RF parameters are difficult
to measure due to their continuous and non-deterministic nature and sensitivity
to PVT (Process, Voltage and Temperature) variations. Analog and RF circuits
are sensitive to the addition of test circuitry which might load the nodes to be
measured and deteriorate the overall performance, so each circuit requires the
custom test strategy and custom fault models [11].
On architecture side, a common trend in wireless transceivers is to incorporate
the ADC, DAC, and baseband DSP processor on a single chip. This has given
way to a new design paradigm called Digital-RF. Moreover, more than one
cellular or WLAN standards can be incorporated in a single receiver by sharing
the hardware, which results in reduced unit cost.
Available RF testing approaches fall into three categories: rack and stack, RF
Automatic Test Equipment (ATE), and on-chip DfT & BiST techniques. Current
practice is to combine all three approaches because no single solution can meet
the desired quality, cost, time, and reliability requirements [12][13].
In rack and stack special modules for signal generation, response capturing,
and signal processing are combined to create the specific test bench. This is an
extremely costly strategy for testing complex RF transceivers; the number of
different modules needed for different tests can easily exceed the testing
budgets.
The Digital-RF transceivers have imposed new demands on the Automatic
Test Equipment (ATE). ATE must incorporate the capabilities to generate and
analyze different types of digital baseband modulations. Extreme signal
processing power is needed to perform the system level tests like BER, EVM,
and spectral mask. Therefore the design of a scalable and customizable universal
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ATE to meet the requirements of most of cellular and WLAN standards is not
cost effective [11][12] . Recently, a new standard Openstar™ (Test Architecture
Hardware and Software Specifications) has been developed to address these
problems [14]. The key is the addition and replacement of software and
hardware by third party hardware and software modules. But this has a long way
to go and there is a rare possibility that it can offer the cost effective testing
solution keeping in view the ever shrinking time to market for wireless devices.
The DfT approach has better potential to meet the cost and time to market
constraints. The transistor size is getting smaller with the constant scaling of
CMOS devices; the area overhead due to DfT is not a significant variable in cost
equation. It is reported that some BiST and DfT techniques are currently used in
production testing. These techniques and their cost-benefit analysis are guarded
as trade secretes and companies do not reveal the details in open literature. We
believe that DfT techniques have a potential to solve or relax the RF testing
problem for the future multistandard wireless transceivers. This approach can
reduce the test problems at component and system level for parametric and fault
testing [13].

1.3 Motivation and Scope of Thesis
Recently, the mobile terminal has turned into a consumer product with
billions of units manufactured and sold every year. The major demand on the RF
transceiver is the increasing functionality (multistandard and multiband
operation, higher data rates, new services like GPS and navigation) with the
same or even reduced production cost. The target of cost reduction in
manufacturing is mainly achieved by integrating the complete transceiver on a
single chip. Modern architectures are required to address the multistandard
challenge and capability to share the RF blocks like LNA, Mixer, frequency
synthesizer etc. Moreover, new circuit design techniques are needed to design
the RF sub-blocks which are able to exploit the high speed of a CMOS transistor
rather than relying on its analog properties. The designs based on the transistor
speed (e.g. SC based sampling mixer) compared to classical analog circuits (e.g.
Gilbert mixer) are expected to be naturally scalable with CMOS scaling. Taking
this a guiding principle we have designed two wideband RF front-ends based on
direct RF sampling and zero- or low-IF Σ∆ over-sampling techniques.
To reduce the cost of test it is important to identify a faulty chip early in the
design flow i.e. before packaging. The conventional testing techniques like RF
probing do not fulfill the current industrial requirement for cost, accuracy, and
reliability. The DfT techniques with on-chip test structures have the potential to
meet the accuracy, reliability and cost goals sufficient for high volume
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production. To facilitate the on-chip RF testing we have designed and tested
several DfT blocks like RF detector, stimulus generator, and attenuator for RF
frequency of 1-5.5GHz. For efficient system level testing, enhancements are
proposed in SER and loop-back test is modified to encompass various
transceivers architectures.
The ten papers included in this thesis fall in three categories, Paper1, Paper2
and Paper3 belong to the first category and present the design and
implementation of two variants of wideband radio receiver front-ends. The
second category, Paper4 and Paper5 deal with the system level testing of radio
transceivers and techniques to enable system level testing using loopback. The
third category consists of the remaining five papers, Papers6−10, which
elaborate circuit level implementation of on-chip RF test blocks like RF
detector, attenuator, and stimulus generator. A general technique to calibrate the
on-chip test circuit is presented to reduce the effect of process variation. The
design of low-reflection transmission line on multilayer PCB is also
investigated. This has potential to enable low cost system level testing of
wideband transceivers using external stimulus generator.
In Paper1, the design and implementation of inductorless wideband LNA in
0.13µm CMOS is presented. This circuit is part of a flexible RF front-end. A
common-drain feedback circuit provides wideband 50Ω input matching and
partial noise cancellation. The current reuse technique improves both gain and
power. In Paper2, the design of multiband RF-sampling receiver frontend in
0.13µm CMOS with on-chip testability is presented. The frontend consist of
wideband LNA (Paper1), sampling mixer (SC discrete-time decimation filter),
and DfT circuitry comprising Test Attenuator (TA), RF detectors, and switches.
The frequency scalability of the frontend has a potential of being used for
multistandard and multiband operation. The chip and the measurement results
show that the on-chip DfT can be implemented with a very small area overhead
and without adverse effects on the normal operation of the circuit. The high
input impedance RF detector is a core of the implemented DfT circuitry. Paper3
presents the design and measurement results of a low-gain wideband RF frontend in 90nm CMOS covering the frequency range of 0.5-6GHz. The front-end is
a modified form of a balanced active mixer to enhance its gain and it achieve
wideband input matching. The transconductance stage of the mixer is split into
inverter pair for better linearity and partial noise cancellation. The inverter stage
with common drain feedback achieves wideband 50Ω input impedance
matching.
In Paper4, we describe a new technique which enhances the sensitivity of a
traditional Symbol Error Rate (SER) test and save the test time. The test is
oriented towards the detection of impairment in the gain and noise figure in the
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transceiver frontend. The advantage compared to EVM test is a simple
implementation, lower DSP overhead, and the ability to achieve a large dynamic
range for the test response. The technique is validated by simulation model of a
Wi-Fi transceiver implemented in MatlabTM. In Paper5, the comprehensive
account of the on-chip loopback in terms of various system-level tests, like
BER, EVM or spectral measurements is described. By using this technique in
mass production, the RF test equipment can be largely avoided thus reducing the
test cost. Different variants of the loopback setup including the bypassing
technique and RF detectors to boost the chip testability are considered. The
existing limitations and tradeoffs are discussed in terms of test feasibility,
controllability, and observability versus the chip performance. The fault-oriented
approach supported by sensitization technique is put in contrast to the functional
test.
Paper6 describes the reconfigurable LNA and a test attenuator (TA) suitable
for on-chip implementation of loopback test with enhanced controllability and
detectability. In Paper7, the detailed design and measured response of an RF
detector is presented. Similarly in Paper8, the design and measurement results
of a stimulus generator consisting of two on-chip low phase noise voltage
controlled ring oscillators (VCOs) circuits and an adder is presented. This circuit
can generate a single- or two-tones and achieves wide tuning range with
adjustable output power suitable for gain, linearity, and blocking profile test of
wideband RF front-ends.
In nano-meter technologies the variations due to process, mismatch, and
voltage can be very large. On-chip DfT blocks, which are meant to test the
circuit also suffer from these parameter variations. Therefore, a procedure is
proposed to verify and calibrate the RF detectors to guarantee that they are
within an acceptable performance limit. In Paper9, an Artificial Neural Network
(ANN) is employed as a multivariate regression technique to calibrate the RF
detector affected by process variations. This general scheme is supposed to be
applicable to other DfT components by employing DC- instead of RF stimuli
during calibration.
In Paper10, we discuss a technique to enable the system and specification
level testing using external test equipment to test the wideband radio receivers.
A method is presented to reduce the reflections from wideband microstrips with
width discontinuity. A step change in substrate thickness is utilized to cancel
the effect of the width discontinuity, thus achieving low-reflection transmission
lines. These microstrips are extremely useful for accessing high speed IOs on
bare die mounted on PCB.
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Chapter 2
Receiver Architectures

“Radio is the last bastion of electronics communications equipment to go
digital. We are proud to be a part of it.” Beth Schwarting.

2.1 Introduction
The birth of new mobile standards will continue due to diversity in
geographical, political, and technical needs. Therefore, it is important to develop
a mobile terminal, which can be used as a multistandard and multiband
transceiver. This transceiver should have low cost, low power, and small form
factor for better portability and affordability. To address these demands, recent
research has focused on the development of monolithic transceivers, especially
using low cost CMOS technology. This approach provides the possibility to
integrate both analog and digital circuitry on the same chip. In addition, new
system and circuit design techniques facilitate the highest level of receiver and
transmitter integration [1]–[8].
In this chapter the traditional radio receiver architectures are presented with
reference to their suitability for multistandard operation and on-chip integration.
The benefits of CMOS technology for future low cost radio implementation are
discussed. The basic principle of a direct RF sampling zero-IF receiver for
multiband operation is elaborated highlighting its advantages and disadvantages.
15
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The direct RF-sampling technique is one way to use the fast switching
capabilities in our favor and to reduce the reliance on the traditional RF design
techniques. In Paper1, the design of wideband inductorless LNA is presented.
Paper2 describes the design details of wideband direct RF sampling front-end
primarily intended for WLAN standards operating in the 2.4 or 5.5 GHz bands
and implemented in 0.13µm CMOS.
In Paper3, another RF front-end in 90nm CMOS covering the frequency
range of 0.5-6GHz is presented where a low gain front-end is a modified form of
a balanced active mixer to improve its linearity and achieve wideband input
matching. This solution is suitable for future multiband and multistandard
receivers employing oversampling Σ∆ A/D converter immediately after mixer.

2.2 Radio Receiver Performance Parameters
The basic function of a radio receiver is very simple. Theoretically, a weak
RF signal can be amplified by LNA and the desired channel can be selected
from amplified signal using a bandpass filter. The signal might be very weak or
very strong depending upon the distance from the transmitter. Moreover, the
weak wanted signal can be accompanied by strong unwanted signal called
blocker. These worst case wanted signal scenarios make the receiver design a
daunting task. Due to different operating conditions depending upon the
surrounding environment several metrics are specified to characterize the radio
receiver.
Sensitivity is the ability of receiver to detect the weak signals. It is defined as
the minimum input signal level required to produce an output signal having a
specified signal-to-noise (SNR) ratio. The analog domain SNR corresponds to
the bit error rate (BER) in the digital domain. The noise figure is a direct
measure of sensitivity. The receiver noise figure (NF) specifies how much noise
is added while passing through a receiver. The NF and sensitivity is defines as:
 SNRin  Sin N in
N
NF = 10log 
= out
=
 SNRout  Sout N out G.N in

(2.1)

Pin,min = −174dBm / Hz + NF + 10log BW + SNRmin

(2.2)

where Sin is the input signal, Sout is output signal, N in is the noise at input, N out is
the noise at output, and G is the total gain of receiver.
Equation (2.2) predicts the sensitivity which is defined as the minimum signal
that results in the given value of SNRmim for 50Ω input matched system. BW is
bandwidth expressed in Hz. The sum of the first three terms is total integrated

2.2 Radio Receiver Performance Parameters

17

noise over the receiver band which is referred as ‘noise floor’ of the receiver. It
is important to note that for wideband receivers due to large bandwidth, the
noise floor is inherently higher compared to the narrowband receiver. When
designing a receiver the total NF and gain have to be distributed over all receiver
blocks. The effect of gain and NF (10log F ) of these cascaded N stages can be
calculated using Friis formula as:

F = F1 +

F2 − 1 F3 − 1
FN − 1
+
+ ⋅⋅⋅⋅⋅⋅ +
G1
G1G2
G1G2 ⋅ ⋅ ⋅ GN −1

(2.3)

The Equation (2.3) indicates that the total noise figure of the system is
dominated by the NF of the first stage(s) in the receive chain. Therefore, to
minimize the total NF of the system, most of the design effort should be put on
the first stages in the receiver chain and particularly on LNA [1]–[8].
Selectivity is the measure of the ability of a radio receiver to select a
particular frequency or desired channel while rejecting all other unwanted
frequencies. The unwanted frequencies might be the modulated adjacent
(alternate) channel signals or blocking interferers, which are usually defined as
continuous wave (CW) tones. The overall receiver selectivity is determined by
the characteristic of RF, IF, baseband filters and also the phase noise and spurs
of the local oscillator [2]. In wideband receivers the LNA and mixer are
broadband elements and in that case selectivity is solely determined by the
channel select filter. Therefore, a multiband receiver has tougher filtering
requirements compared to uniband receivers.
The different receiver
architectures and different frequency plans bring different filtering requirements
based of the target radio standards. Careful choice of architecture and frequency
plan can relax the selectivity requirement of a radio receiver [3].
Nonlinearities in a receiver result in desensitization (blocking), crossmodulation, and intermodulation distortions. Active devices such as a CMOS
transistor are inherently nonlinear though they are often approximated by linear
models in small operating region [3][4]. When the input signal is strong, the
device behavior is no more linear and the non-linear effects come into play.
Non-linearity is not always harmful; mixers, oscillators, and limiters are nonlinear circuits. The non-linearity is particularly destructive for the amplifiers,
buffers, and filters whose function is to linearly amplify or attenuate the signal.
The common type of non-linearity found in linear radio circuits is the reduction
in gain (gain compression) when the input signal is strong. Now, when a weak
desired signal is applied at the input along with strong interferer, the strong
interferer tends to reduce the gain, therefore weak signal experience very small
gain. This is usually called desensitization or blocking. If the interferer is a
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Figure 2.1: Linearity characteristic and SFDR definition: a) Intermodulation
spectrum of two tone test b) Input versus output power

modulated signal, the effect of the interferer amplitude modulation on the
amplitude of the weak desired signal is termed as cross-modulation.
When two signals at frequencies f1 and f 2 are applied to a nonlinear system
the intermodulation (IM) products are generated at frequencies mf1 ± nf 2 where
m, n = 0,1,2, ⋅ ⋅ ⋅ ⋅ [6]. The second-order IM products ( f1 ± f 2 ) are usually far away
from frequency of interest ( f1 and f 2 ) and can be filtered out easily. However,
this is not true in case of the zero-IF architecture and this problem must be
resolved for successful implementation of this receiver. The third-order IM
products ( 2 f1 − f 2 , 2 f 2 − f1 ) are of primary interest since they might show up
in the signal passband. This problem becomes more severe in case of wideband
receivers when the passband is significantly broad for multiband operation.
The most common measure of non-linearity is 1-dBCP (compression point)
and the third order intercept point (IP3). At 1-dBCP the gain of system is 1 dB
lower than the small signal gain due to nonlinearities. Two-tone test is the
standard method to estimate IP3 as shown in Figure 2.1. The output power of the
fundamental and third-order tone is plotted as a function of input power. These
two curves are extrapolated; IIP3 (input referred IP3) is the input power at
which these two lines intersect. Similarly if the intersection point is projected to
the output power axis, we can find OIP3 (output referred IP3). From the IM
spectrum IIP3 can be calculated as:
IIP3 |dBm =

∆P |dB
+ Pin |dBm
2

(2.4)
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When designing a receiver, the nonlinearity of all building blocks has to be
considered. The overall IP3 of cascaded receiver blocks can be calculated from:
1
1
G1
GG
G G ⋅ ⋅⋅ GN −1
=
+
+ 1 2 + ⋅⋅⋅⋅⋅⋅ + 1 2
IIP3 IIP31 IIP32 IIP33
IIP3N

(2.5)

Dynamic range (DR) is defined as the input signal power range at the
antenna port over which SNR at the receiver output or the data error rate (BER
or FER) do not exceed a specified value. In radio systems the lower end of this
range depends upon the receiver sensitivity and upper end is determined by the
intermodulation behavior. The upper end of DR is defined as the maximum
input level in two-tone test for which the third order intermodulation (IM)
products do not exceed the noise floor. In this case, the DR is referred to as the
spurious free dynamic range (SFDR). To be able to operate over a wide input
DR, receivers commonly employ the automatic gain control (AGC). The AGC
range is usually wider than the needed SFDR [1][4]. The SFDR can be found
from:
2
SFDR = ( IIP3 − Fnoise ) + SNRmin
3

(2.6)

Where Fnoise is the noise floor, which is the sum of the first three terms of
(2.2). The DR requirement for the wideband radio receiver is much higher than
their narrowband counter parts. In case of multiband receivers, out of band
blocker reaches the mixer through LNA, whereas in narrowband receivers they
are filtered away. Therefore, the front-end components in wideband receivers
are subject to very stringent linearity requirements.
Power Consumption in mobile a radio receiver is extremely important. The
power can be traded with all other receiver performance parameters like
sensitivity, selectivity, linearity, and dynamic range but these performance
matrices should not be improved on expense of severely increased power
consumptions [7].
Another important tradeoff between gain, noise, and linearity is obvious from
(2.3) and (2.5). A large gain in the first stage (LNA) implies overall low NF.
However, the large gain in first stage also means the reduced overall linearity.
Thus, a compromise between the NF and linearity has to be made while
determining the gain for each stage in the receiver chain [9].
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2.3 Image Problem
Typically, frequency down conversion of a passband RF signal is performed
by multiplying (mixing) the signal with a sinusoid LO signal. This is illustrated
in Figure 2.2 for two cases where f LO is different from and equal to f RF . For a
real signal f LO , the negative and positive frequency components are complex
conjugates of each other. A multiplication in the time domain is equivalent to a
convolution in the frequency domain. Since the Fourier transform of a sinusoid
contains two equal-amplitude impulses symmetrically placed around zero on the
frequency axis, the spectrum of the mixer output signal is the superposition of
the positive and negative shifted versions of the spectrum of the input RF signal.
As shown in Figure 2.2 , two frequency bands symmetric around the multiplying
frequency are down-converted to the same output band. The undesired input
signal band, which will be superimposed on the desired signal band after
mixing, is called the image band. It is necessary to suppress any signal in the
image band prior to the mixing operation. This is the task of the image-reject
(IR) filter in superheterodyne architecture, which usually precedes the mixer.
In a zero-IF architecture where f LO equals f RF , the image is same as signal
and therefore no image rejection filter is needed. However, this is only true for
AM signals since frequency or phase modulated signals do not contain same
information in the upper and lower sidebands [4][7][9]. Moreover, in this case
the image cannot be eliminated using filtering. This problem can be
conveniently solved if we separate the positive frequency components from the
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negative frequency components. As discussed previously the image problem
arises due to the fact that the frequency spectrum of real sinusoid contains
impulses at both positive and negative frequencies. One way to avoid this
problem is to use complex I/Q (inphase/quadrature) mixing. In this case the LO
signal can be expressed as complex exponential which has a single frequency
component at − f LO as in ( e − j 2π f LOt = cos(2π f LOt ) − j sin(2π f LOt ) ). In reality, the
complex exponential is realized by real sinusoidal signal and its 90O phase
shifted version. Ideally, I/Q mixing results in a single frequency shift
eliminating the image problem during the down conversion. The resulting high
frequency signals can be eliminated using lowpass filters in I and Q branch [8].
Theoretically, I/Q down-conversion provides infinite image rejection but in a
real implementation this depends upon the phase and gain imbalance between
the I and Q branches. In modern receivers I and Q signals are processed in the
digital domain and analog static gain and phase errors are digitally corrected.
This considerably relaxes the receiver design and is a good example of the
utilization of DSP to correct the impairments in the analog domain [5].

2.4 Receiver Architectures
We will present here the main properties of heterodyne, zero-IF or direct
conversion, and low-IF receivers with respect to integrability, performance, and
wideband operation. Many variants of these architectures like digital-IF, doubleIF, and wideband-IF receiver have been successfully implemented and reported
in literature. Their properties and related tradeoffs can be understood by
correlating them to zero-IF and heterodyne architectures. More details can be
found in [1]–[11].

2.4.1

Super-Heterodyne

Most of today’s commercially available transceivers are some variants of the
conventional heterodyne architecture which is shown in Figure 2.3a [7][9][8].
The broadband antenna signal is passed through the highly selective BPF to
suppress all the interferers outside the desired band. Removal of these out of
band blocking signal relaxes the dynamic range requirement. The LNA
amplifies the weak desired channel along with more powerful channels to to
level above the noise floor of first mixing stage. This amplified signal passes
through the cascade of n image suppressing stages. The image frequency located
at a distance of 2 f IF from wanted channel is generated due to the mixing action
and suppressed by IF-filter. Now this strongly attenuated version of the image
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signal is folded on to the wanted signal. Ultimately, the wanted channel passes
through the channel select filter and is sampled by an ADC.
The signal at the image frequency can be a strong signal from another radio
standard operating nearby. Since the image frequency is located at 2 f IF this puts
a very high demand on the quality factor and selectivity of the image reject (IR)
filter.
In a typical cellular receiver the ratio between the center frequency and IF
frequency is 80-200 [9]. The quality factor of IR filters required for this
frequency ratio is simply not realizable. Therefore, the RF signal is downconverted in two or three steps thus requiring as many mixers and image reject
filters. The multi-step down-conversion relaxes the requirement for the image
reject filter with improved image and adjacent channel suppression [12]. This
approach is the real strength of super-heterodyne architecture which provides
good selectivity and sensitivity at the same time.
In the super-heterodyne receiver, the second down-conversion and the
subsequent filtering can be done digitally (digital-IF) as shown in Figure 2.3b).
The major issue here is the trade-off between the ADC performance and IR
filter. To relax the ADC sampling rate, sufficiently low IF frequency has to be

2.4 Receiver Architectures

23

chosen, this makes the design of IR bandpass filter very challenging. Usually, an
image rejection mixer is needed to realize this architecture. Due to the high
demand on ADC performance and image reject mixer, this architecture is used
in base stations where many channels are received and processed simultaneously
[13].
The main drawback of super-heterodyne architecture is the use of off-chip
high-Q passive analog filters for image rejection. The realization of high-Q
passive filters is not feasible in CMOS. Moreover, if implemented on-chip, the
power consumption of on-chip active filter is proportional to the square of its
quality-factor [9]. This means that a single chip solution, where a whole receiver
is built on a single die, is difficult to implement using super-heterodyne
architecture. The super-heterodyne architecture tends to rely heavily on
automatic gain control (AGC), which is another serious impediment in
multimode operation [2]. However, the cost effective integration of MEMS and
CMOS devices might offer the solution to this problem in the future [16].

2.4.2

Zero-IF (Direct Conversion) Receiver

The main obstacle in on-chip integration of heterodyne receiver was the use
of external high-Q image suppression filter. In zero-IF receiver, the image
rejection is achieved by quadrature down-conversion as shown in Figure 2.4. In
case of heterodyne receiver the antenna signal first passes through band pass
filter, suppressing all out of band blockers which relaxes the dynamic range
requirement. After the LNA the signal is fed to two independent signal paths I
and Q. Each I&Q mixer down-converts the wanted RF channel to DC. Since the
centre frequency of the desired channel is translated to zero, the portion of the
channel on the negative frequency axis becomes the image (or mirror) of the
frequency on positive axis and vice versa. Therefore, the down-converted signal
is reconstructed using complex signal processing which results in the
cancellation of the image [11][12].
The zero-IF architecture has several advantages over heterodyne architecture.
The intermediate IF stages are removed and the need for IR filters is eliminated.
Further more; the absence of bulky off-chip IR filter eliminates the requirement
of LNA to drive the low impedance load. The channel selection filter is replaced
by the lowpass filter and the digital filtering inside the Baseband processor. This
makes the zero-IF architecture more amenable to monolithic integration [8].
On other hand the zero-IF receiver exacerbates several issues that either do
not exist or not serious in heterodyne receivers. The main issues are dc-offset,
LO-leakage, and I/Q mismatch. The DC-Offset is most serious problem at the
baseband of zero-IF receiver [11][13]. A significant amount of feedthrough
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known as LO-leakage from LO-port to the RF-port of exists in a mixer. The
parasitic capacitances and substrate coupling are responsible for this effect.
This leakage signal appears also at the input of LNA and mixer and after
mixing with original LO signal (self mixing) produces the DC component at the
output of mixer. This LO self-mixing can be quite severe, and a time varying dcoffset occurs when LO signal leaks out through the antenna is radiated and
reflected back by nearby objects back to the receiver. A similar effect is present
in wideband receivers where a strong interferer leaks through LNA output to the
mixer LO-port and gets multiplied by itself [4]. The gain and phase mismatch
between I/Q path degrades the image suppression and can also generate the dcoffset. The dc-offset and I/Q mismatch can be estimated in digital baseband and
cancelled using pure digital or mixed signals compensation techniques [2].
Moreover, second-order distortion is another important issue in zero-IF
receivers. Assume a zero-IF converter whose non linearity can be modeled by
y = a1 x + a2 x 2 , a blocker with amplitude AB near LO frequency results in the dc
component proportional to a2 AB2 . This dc offset is dynamic in nature, as it
depends on the blocker, and cannot be easily removed by a static dc cancellation
loop. This problem can be solved by injecting a dynamic dc offset as discussed
in [14][15].
However, these DSP based compensation techniques add the complexity and
do not solve the 1/ f noise problem which is particularly important for CMOS
zero-IF implementations. Since the 1/ f is a problem at low frequencies, the RF
signal converted to baseband around DC can be expected to suffer from 1/ f
noise. Recently, techniques to solve the 1/ f noise in mixers were reported
[16][17]. Also classical techniques based on a chopper amplifier can be used
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very conveniently in the switched-capacitor implementation to reduce the effect
of 1/ f noise and DC-offset as discussed in Paper2 of this thesis.

2.4.3

Low-IF Receiver

The goal of low-IF receiver architecture is to combine the advantages of
heterodyne and zero-IF receiver i.e. high performances and high degree of
integration at the same time. The IF is typically chosen as two times the channel
bandwidth. The dc-offset, LO-leakage, and 1/ f noise problem are relaxed due
to the non-zero IF frequency compared to zero-IF receiver. The RF part of lowIF receiver is same as in zero-IF receiver as shown in Figure 2.5. The image
problem is solved by the complex signal processing in the same manner as in
zero-IF receiver. The part of complex IR mixer is implemented in digital domain
without any gain and phase mismatches. The I/Q imbalance introduced in the
preceding analog stages can be corrected using adaptive techniques. However,
the low IF demands high sampling rate ADC as compared to the zero-IF
receiver. The band-pass channel select filter needed in low-IF is also
implemented in the digital domain [8].
Both zero-IF and low-IF architecture are suited for on-chip integration. The
zero-IF is particularly suited for wideband applications because the use of
spread spectrum techniques makes it easier to filter out the dc-offsets and
second-order intermodulation products without having significant impact on
receiver performance [2]. Despite the difficulties associated with zero-IF and
low-IF architectures, there are successful single chip implementation examples
for dual- and quad band receivers reported in recent literature[19] [20].
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2.5 Flexible Digital Receivers
The availability of a multistandard flexible terminal will be a key to provide
low cost and high quality communication taking advantage of several mobile,
LAN, and PAN communication infrastructures available to user simultaneously.
Moreover, the user demand for a single mobile terminal providing various
services (text, audio, and video) from different standards requires integrated
design to cover multiple frequency bands and standards. Beside the mobile
standards like UMTS/GSM, future platforms are likely to support the following
feature: 2T3R WLAN a/b/g/n and WiMAX; Bluetooth for connectivity; GPS for
navigation; FM/XM for radio and DVB-T/H for entertainment [21]. The mobile
terminal having all these capabilities is termed as Software Defined Radio
(SDR).
From an RF perspective with respect to the mobile terminals, the radio that
can receive desired channel at carrier frequency up to 6GHz with any
modulation can be termed as SDR [22]. To achieve this goal the most
straightforward approach is to place the A/D converter (ADC) directly after
LNA, this is the classic view of SDR as defined by Mitola [23].

2.5.1

Technology and Architecture for Flexible Receivers

According to 2007 ITRS roadmap the semiconductor used for different RF
and wireless communication applications is shown in Figure 2.6. The most
interesting future challenge is to find a feasible architecture and technology for
flexible multistandard radios. The multistandard radios marketed today are
based on the chipsets made of several independent chips developed in different
technologies [19][24]. These chipsets usually consist of RF an front-end (SiGe
or BiCMOS), analog baseband processor (BiCMOS or CMOS), digital baseband
(CMOS), power amplifier (GaAS, SIC or Si-LDMOS), and transmit/receive
(T/R) switch. For low cost multistandard design the integration on a single chip
is a necessity (maybe without power amplifier). At the same time the new
applications like broadband and digital television require a large processing
power with high level of memory integration.
There are three possible silicon technologies for integration of RF circuits,
CMOS, BiCMOS (where both BjT and MOS are available), and SOI (silicon on
insulator, MOS transistor is built on sapphire or SiO2 layer). Today’s BiCMOS
has bigger share in RF cellular transceiver design compared to CMOS. But this
may change in the near future due the low cost of CMOS and the fact that in
BiCMOS the MOS part lags behind the CMOS technology by at least couple of
generations. The main feature which brings the cost down in CMOS is a small
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Figure 2.6: Semiconductor devices used for different RF application

silicon area which is a direct result of scaling. This gives an enormous edge to
the CMOS over the BiCMOS and SOI, which lags behind the CMOS in scaling.
So it seems plausible that CMOS will be technology of choice for future highly
integrated multistandard flexible radios [25][26][27].
Moreover the implementation of multistandard frontend is not an easy task;
and if CMOS is the technology of choice, one solution is the early digitization of
analog signal i.e. possible close to antenna. Due to poor analog characteristics of
nano-meter CMOS devices the specifications of an ADC and baseband
processor will be further constrained. Therefore, there is an obvious need of a
new architecture that takes advantage of the high fT of CMOS technology,
which is rapidly increasing with scaling. The zero-IF architecture with
digitization close to antenna like direct RF sampling after LNA seems favorable
in this respect [27].

2.6 Classic Software-Defined Radio (SDR)
In classic SDR the only components are LNA, ADC, and baseband processor.
All the radio function like down-conversion, demodulation, and channel
selection are realized in the digital domain. This eliminates the non-idealities of
the analog signal processing which is replaced by perfect distortion-less digital
processing providing selectivity and high dynamic range [25]. This classic SDR
concept is shown in Figure 2.7. Ideally, the whole signal band is digitized
simultaneously while multiple channels can be processed using parallel digital
blocks. This type of wireless receiver can to be used as multiband and
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multistandard mobile terminal. Today the wanted channel bandwidth can vary
anywhere from 200 KHz for GSM to 20MHz for WLAN 802.11g. As there is no
RF pre-filtering after antenna, in-band and out of band blockers can pass to the
ADC. For GSM, the sensitivity can be as low as -102dBm and the out of band
blocker can be as strong as -10dBm [28]. After a brief survey of current state of
the art, it is evident that the ADC with Nyquist sampling rate of 10GHz,
bandwidth of 20MHz and dynamic range of almost 100dB is not possible to
realize using current CMOS technologies especially due to excessive power
consumption making the whole receiver architecture impractical [22].
As it is evident that the use of Nyquist ADC to directly sample RF
frequencies is not feasible therefore, the RF signal has to be downconverted or
down-sampled. As a result the ADC requirements are relaxed to the extent so
that it is possible to design such an ADC in contemporary CMOS technologies
with reasonable power consumption.

2.7 Practical Software-Define Radio
Figure 2.8 depicts two possible ways to relax the ADC requirements that
could lead us closer to the realization of a multistandard and multiband receiver
using nano-meter CMOS technologies. As discussed earlier, zero-IF is the
preferred architecture and CMOS is the preferred technology for multistandard
receivers due to its low cost, high integrability, and manageable power
consumption.
The first approach is to use direct RF-sampling followed by decimation to
break the link between the RF frequency and ADC sample rate. As the result of
decimation the image bands are created which fold back to the desired signal
band. This impairment can be rectified using the CIC comb filter after each
decimation stage. The real advantage of this approach is that the receive can be
tuned to any desired signal band just by changing the CLK frequency and the
receiver front-end transfer functions will scale accordingly. The basic concept of
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the direct RF sampling receiver is discussed in the next section. The
implementation details of LNA designed for a sampling receiver are discussed
in Paper1 whereas the sampling mixer part and DfT circuitry are described in
Paper2. This prototype targets the WLAN 802.11 for 2.4GHz and 5.4GHz
bands.
The second approach is the translation of the classical narrowband zero- or
low-IF receiver concept to wideband (multiband) receiver exploiting the highspeed of currently available nano-meter CMOS transistors. The basic idea is the
use of a multiband or wideband LNA [29], wideband mixer [30] with wideband
frequency synthesizer to down-convert the RF signal to the baseband. The
baseband signal can be digitized using over-sampling Σ∆ ADC. The high OverSampling Ratio (OSR) in Σ∆ ADC helps to reduce the requirement for an analog
anti-aliasing filter which precedes ADC [31]. This receiver can be termed as
wideband zero- or low- IF over-sampling receiver. The measurement of our
prototype receiver implemented in 90nm CMOS technology is not complete yet.
The measurement results of the receiver front-end are described in Paper3
whereas the evaluation of 2.4Gbps high OSR Σ∆ ADC part is under progress.
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Recently, some efforts by other researchers in this direction have been
reported [21][30]. These are the initial ‘proof of concept’ prototypes and do not
meet the strict linearity and dynamic range constraints necessary to cover the
mobile (GSM, UMTS), WLAN (802.11 a/b/g) and PAN (Bluetooth, ZigBee)
standards. These problems are still open to research and a feasible solution is
expected in near future.
In the following sections we will discuss the state of the art, motivation, basic
principle, and circuit details of the wideband direct RF sampling and the
wideband zero- or low- IF over-sampling receiver architecture outlined in
Figure 2.8.

2.7.1

Wideband Direct RF Sampling Receivers

Designing the multistandard radio is a major challenge in CMOS due to the
low quality factor of tuned circuits. At the same time transistors in new
technology nodes are getting faster due to scaling. Therefore, the use of higher
sampling frequencies as an alternative to the high Q tuned circuits is promising.
The fact that SC implementations of such sampled circuits are digitally
reconfigurable makes the RF-sampling for very appealing multistandard radios.
Moreover, in sampling circuits the transistors are used as switches for which
accurate transistor models are less important. The total yield can also be
assumed to improve, as switches are being limited by defect yield rather than
parametric yield. With CMOS scaling the process variations are expected to
increase which directly affects the parametric yield and reliability of analog
circuit [32].
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As mentioned, the RF sampling topologies have recently emerged as a feasible
technique for complete on-chip radio solution [20][22][23][27][31][33]. In [27]
a commercial single-chip RF sampling transceiver is described for Bluetooth. In
[20] same technique is used for GSM transceiver. The above reported designs
target a single standard and hence use the narrowband LNA and frequency
synthesizer. In [34] a multiband sampled RF frontend is reported in 90nm
CMOS.

Basic Principle:
According to the bandpass sampling theory, an RF signal with the bandwidth
BW and carrier frequency of fC can be downconverted to an intermediate
frequency f IF . The f IF is related to fC and sampling frequency f S as
follows [35]:
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if
 rem( fC , f S )

f IF = 
 f − rem( f , f ) if
C
S
 S


fC
fS 2
fC
fS 2

is even
(2.7)

is odd

where rem(a, b) denotes the remainder of a divided by b , and g denotes the
largest integer less than or equal to g . In order to avoid the destructive aliasing,
the following conditions must be met:
fS >

BW
,
2

0 < f IF −

BW
,
2

fS
BW
> f IF +
2
2

(2.8)

In the case of zero-IF architecture f IF = 0 which is a special case of bandpass
sampling where downconversion can be achieved using the sampling frequency
of:

BW
(2.9)
2
As an example, consider a RF sampling receiver for IEEE 802.11(b) standard,
with frequency band of 2400−2480MHz and channel bandwidth of
approximately 20MHz shown in Figure 2.9. The bandpass filter after antenna
passes the whole frequency band (80MHz) and suppresses the out of band
blockers. The inband blockers are passed to the wideband LNA and amplified
along with the 20MHz wanted channel. The sampling and decimation block
samples the signal which generates replicas of the wanted signal spectrum at
baseband, at the sampling frequency f S = 2.4GHz , and its multiple frequencies
2 f S ,3 f S ,... as shown in the Figure 2.10. The images generated during sampling
are suppressed using the complex (I&Q) signal processing inside the sampling
block, decimation block, ADC, and baseband block. The decimation by the
factor M=16 brings the data sample rate to 150MHz which is feasible for state of
the art ADC. But at the same time, the spectra at f S / M and its multiples fold
back to the wanted channel. To suppress this folding signals the CIC decimation
filter is used. This filter nulls the input frequencies at downsampled rate of
f S / M and its multiples which guarantees that after downsampling (sampling
and decimation) nothing aliases to the DC. In order to assure high attenuation
across the aliasing bands, higher order decimation filters can be used. The signal
after the decimation filter can be digitized using the Nyquist or oversampling
ADC.
f S = fC .2− n , where n = 0,1,2,.... and

fS >
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Figure 2.11: Direct RF sampling receiver prototype

Prototype Multistandard RF Sampling
Receiver for WLAN (Paper1 and Paper2)
The prototype sampling receiver intended for WLAN (2.4-2.5GHz and
5-6GHz bands) manufactured using 0.13µm CMOS is shown in Figure 2.11.
The digital receiver structure described above is flexible; it can handle any
channel in any frequency band by selecting the appropriate CLK frequency and
decimation factor. It consists of inductorless wideband LNA and I/Q SC
decimation filter. As the wideband receiver designs are getting mature, at the
same time they bring some new testing issues into the lime light, like the
challenge to design wideband transmission lines to provide RF stimulus for the
chip under test, the need of on-chip testability, and Design for Test (DfT). Some
basic test blocks like Test Attenuator (TA) and RF detector are also built on the
prototype chip to study their feasibility and verify the performance.
For the sampling frequency of 2.4GHz, the 2.4-2.5GHz band can be received
as in classical Zero-IF receiver, whereas the 5-6GHz band requires the
subsampling by the sampling frequency of 2.4-3GHz. The reason for using the
2× subsampling for higher frequency band is the difficulty in the generation of
multi-phase CLK signal at these frequencies. Otherwise it is beneficial to use the
higher sampling frequency to reduce the noise folding due to the wideband noise
present at the output of LNA. Using a narrowband LNA helps in this respect but
prevents multiband operation unless narrowband LNA has built-in tuneability.
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Inductorless Wideband LNA (Paper1):
The LNA for multiband operation should be able to handle several carrier
frequencies with the same performance (NF, gain, linearity, and input
matching). Since classically the LNA is designed and optimized for one
frequency, this is not an easy goal to design and simultaneously optimize the
LNA for gain, NF, and impedance matching at several different frequencies.
Several attempts to meet the goal of multiband operation are reported in
literature. The proposed designs can be grouped in three classes.
• Multiple narrowband LNA, one for each frequency band
• Single tunable LNA
• Wideband LNA
The first two types of LNAs use inductors in some form and are not suitable
for integration in a modern digital CMOS process due to lack of good inductor
models. Moreover, inductors take extremely large on-chip area [27]. The
wideband inductorless LNAs are suitable as they scale well with the new
technology nodes provided they have a reasonable NF.
The common gate and resistive shunt-series topologies (Figure 2.12) are
inherently wideband in nature, the drawback with these topologies is the tradeoff
between the input impedance matching and gain [16]. The transconductance
(gain) in both cases is determined by the 50Ω input matching requirement of
LNA. The transconductance also sets the noise figure of LNA. Therefore, in the
case of common gate and resistive shunt-series topologies there is no room for
noise and gain optimization. Obviously, to find an optimum solution we need to
decouple the matching, gain and noise tradeoff.
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Our proposed LNA shown in Figure 2.13 decouples these two objectives by
using common-drain stage in feedback path with independent biasing [29]. The
common drain stage consisting of M2 and R1, provides the wideband 50Ω input
impedance matching. While in its forward path a cascode common-source stage
(M1&M4) provides the gain. The current reuse technique is used in this LNA to
reduce the voltage drop across the load resistor. The bias current of PMOS
transistor M5 is reused in NMOS transistor M1. Furthermore, connecting the
gate of M5 to the input (using CC2) also adds to the overall gain. The commondrain helps to cancel some of the correlated noise of all the components in the
feedback loop. The differential topology is chosen due to the robustness, better
IP2 performance, and lower sensitivity to supply noise. The complete
differential wideband LNA has a power consumption of 25mW. As an
inductorless design it occupies a very small chip area of 0.019 mm 2 .
Measurements show the voltage gain of 17dB, BW of 7GHz, and NF of 2.4dB at
3GHz. Further details about this LNA and the buffer needed to drive the
following filter stage can be found in Paper1 and Paper2.

SC Decimation Filter (Paper2):
The CIC SC decimation filter provides a decimation factor of 16 using four
stages. The decimation factor of 8 is available if we take the output after the
third stage. The same filter is replicated for I and Q paths to facilitate the
complex signal processing for image (mirror) suppression in zero-IF receiver.
For 2.4-2.5GHz band the decimation by 16 gives the 150–156.25MHz, which is
acceptable in terms of an ADC conversion rate. The 5–6 GHz band is
subsampled by 2×, the decimation by 16 gives the output rate of
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156.25-187.5MHz at the input of ADC. The implemented CIC decimation filter
has the following transfer function:

1
H ( z) = N
R

 1 − z−R 

−1 
 1− z 

N

(2.10)

where R is the decimation factor and N is the filter order. The CIC filter has
lowpass frequency response as shown in Figure 2.14 for f s =2.4GHz, R =16,
and, N =3. The image bands occurring in decimation are located at the integer
multiples of f s / R between 0 and f s . From Figure 2.14 , it can be observed that
aliasing from those bands is limited by the suppression from filter notches. For
N =3 and signal bandwidth of 20MHz, the image rejection for the first image
band is around 75dB. For the following band of 300, 450, 600,……MHZ the
image rejection is even larger. This filter can be implemented in stages using
SC circuit technique. For a decimation factor of k it implies (1 − z − k )(k ↓) =

(k ↓)(1 − z −1 ) , so we can expand the (2.10) into (2.11) for R =16 (integer of
power 2) and N =3:
3
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(2.11)

This filter can be implemented in four filter sections (FS–1, FS–2, FS–3, FS–
4) as shown in Figure 2.15. It is important to note here that the frequency of
operation of each filter section is half of the preceding section. The isolation
between the sections is achieved by wideband buffers. This is necessary to avoid
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unwanted IIR effects due to charge sharing between cascaded sections. The filter
coefficient for each stage can be derived by expanding the (1 + z −1 )3 to
1 + 3 z −1 + 3 z −2 + z −3 , the coefficient and thereby the capacitor sizes are scaled as
[1 3 3 1]. It is apparent from the above expansion that each filter section has to
be implemented as three time-interleaved branches, which need a six phase CLK
with three sum signals for averaging. More details about the implementation can
be found in the Paper2.
The measurements are recorded when the mixer samples an input RF signal
(carrier) of 1.6 and 2.4GHz at the frequency equal to the carrier. These
measurement results are close to the simulations. The measured 1-dB
compression point and the IIP3 were -25.5 dBm and -15.45 dBm, respectively.
The digital part, i.e. the multiphase clocking has been tested up to 3GHz. The
complete front-end (LNA plus two decimation filters for I and Q) consume
about 176mW including 50Ω off-chip output drivers. The NF of the receiver
front-end at 20MHz band of interest is around 12dB.

2.7.2

Wideband Zero- or Low-IF ∑∆ Over-Sampling Receivers

Any form of downconversion either through classical mixer or through
sampler requires an anti-alias filter in front of the ADC to avoid aliasing
frequencies from the ADC sampling frequency. ADC frequency is usually
chosen to be much lower then carrier frequency for low power consumption.
In classical radios this filter also behaves as a channel filter, but if we want to
keep bandwidth flexibility it should only perform anti-aliasing. This filter can be
implemented as an active analog filter or as a decimating time-discrete analog
filter. Decimating time-discrete solutions are particularly useful when down-
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conversion is performed by samplers. Since the signal is time-discrete, the
decimation down to a sampling rate suitable for the ADC can be performed in
parallel with the filtering [22][33][Paper2].

Basic Principle
A drawback with the above solutions is the power consumption of the antialiasing filter. One way to avoid this filter is to run the ADC at a very high
sampling rate, comparable to the carrier frequency. This high oversampling rate
can be utilized to relax the dynamic range of ADC and thus saving the ADC
power. Particularly by utilizing a Σ∆ over-sampling loop we may reduce the
dynamic range of the ADC to a level with very affordable power
consumption [31].
The prototype chip based on the above solution consisting of a wideband RF
front-end and ∑∆ over-sampling ADC was manufactured in 90nm CMOS. The
measurements of the front-end part are complete. The design details and
measurements results are presented in Paper3.

Prototype Wideband, Low Gain, RF Front-End for Low-IF
Over-Sampling Receivers in 90nm CMOS (Paper3)
Another aspect of this architecture is its vulnerability to in-band and out of
band blockers. Due to limited filtering in the receiver chain all kind of blockers
will reach the A/D converter. This puts high demand on the linearity of the RF

2.7 Practical Software-Define Radio
Wideband Mixer Transcond.
Matching
Stage
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Figure 2.17: Simplified circuit diagram of wideband differential RF front-end.

front-end and dynamic range of the Σ∆ A/D converter. Therefore, the gain of RF
front-end (LNA and mixer) should be low enough so that the Σ∆ A/D converter
is not overloaded. At the same time, the high dynamic range of the Σ∆ A/D
converter relaxes the gain and Automatic Gain Control (AGC) requirements.
A conventional RF front-end configuration consists of a cascaded ac-coupled
LNA and mixer followed by IF filter and amplifier. In terms of gain and NF, this
combination gives best performance since the NF of the mixer is suppressed by
the high gain in LNA. However, its limited bandwidth, high power
consumption, higher gain to achieve low NF, and moderate linearity are not
suitable for the proposed receiver architecture.
Our proposed RF front-end that consists of an active mixer with enhanced
conversion gain (total front-end gain is still moderate or low) and broadband
impedance matching followed by 1st-order LPF is shown in Figure 2.17. The
mixer transconductance transistors are split into an NMOS-PMOS pair M1-M2.
This provides a better linearity due to the fact that some of NMOS generated
non-linear components are neutralized by their MOS generated counterparts.
The bias current through the mixer switching pair M5-M6 and PMOS transistor
M2 is reused in M1, which results in lower power consumption and hence
improves the gain/power ratio. The common-drain stage (M3, M4, & R1)
provides the wideband 50Ω input impedance match. This approach results in
very small chip area, large bandwidth, moderate noise figure, and low power
consumption as well.
The cross-coupling capacitors CBW between the input and the drain of M1
partly neutralize the input capacitance. This improves the bandwidth and the
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input matching at high frequency. The detailed design and measurements are
presented in Paper3.

2.8 Flexible Receivers – Summary and Trends
Modern radio transceivers have to support several standards and higher data
rates to meet the newly emergent user requirements. To meet the cost
requirement a high level of integration of radio blocks is the necessity. This is an
important factor steering the radio designer toward the use the CMOS
technology for the future radios. As integration is the prime tool to reduce the
radio transceiver cost, therefore zero-IF architecture is best suited for this
purpose. The problems associated with zero-IF (dc-offsets, IP2, 1/ f noise) are
addressed using correction techniques with the help of extra DSP power
available in the baseband processor.
For multistandard design, the concept of RF sampling is still under extensive
exploration phase. Although the same concept has been used for narrow band
designs in commercial mobile receivers. There are still many problems to be
solved for multiband receivers, like the efficient implementation of filters with
higher dynamic range to accommodate blockers, reduction of the overall noise
figure, and availability of suitable antenna filter for multiband operation. In
Paper1 and Paper2, a prototype design suitable for the most of WLAN 802.11
modes for 2.4GHz and 5-6GHz bands is presented showing the potential of RF
sampling technique for the future multistandard radios.
Another technique presented in Paper3 is an extension of the classic narrow
band design toward multistandard radios. This makes use of wideband RF frontend taking advantage of oversampling Σ∆ ADC to relax the anti-aliasing
filtering requirement. The most of processing load for channel selection is
shifted to the digital baseband processor.
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Chapter 3
Wireless Transceiver Testing

“Testing can be used to show the presence of bugs, but never to show their
absence!” Edsger Dijkstra.

3.1 Introduction
The competitive market and low price tags on consumer wireless and mobile
terminals have escalated the need for low-cost RFICs. Today’s wireless
communication terminals are more complex and highly integrated than their
predecessors. To keep pace with the market, the test community must provide
innovative test solutions for integrated circuits containing digital, mixed-signal,
and RF blocks on a single chip. For example, a single-chip handset cellular
phone includes an I/Q modulator and demodulator, low-noise amplifiers, filters,
analog-to-digital and digital-to-analog converters, a gain controller, a phaselocked loop, IF amplifiers, and a baseband DSP processor. When testing these
devices, engineers simultaneously face the complexity of a system-on-a-chip
and the challenges of high frequency. The future multiband and multimode
transceiver will be even more complex with multitude of modulation and
wideband or multiband RF front-ends [1][2].
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The classical methods to test the discrete RF, mixed signal, and digital
devices fall-short of the testing needs of today’s integrated complex RF
transceivers. They do not meet the test time, cost and reliability requirement of
testing during the qualification and production phase of such SoC or SiP
wireless transceivers [1][2].
In this chapter we discuss the test cost, an important parameter, which is
increasing while the manufacturing cost per die is decreasing as a result of
technology scaling. An overview of different types of tests i.e. SER & EVM and
their application with reference to the modern RF transceiver is presented. An
enhancement is proposed in SER test which results in reduction of test time and
improved fault dtectability. The detail of this concept and simulation results are
presented in Paper4. The system level test i.e. BER, SER, and EVM can be
performed using external RF test equipment.
For modern transceivers with a powerful on-chip baseband processor, it is
possible to enable the system level tests using loopback at the RF frontend. The
loopback when combined with an additional DfT circuits can also be helpful in
implementation of parametric tests like gain and non-linearity [5]. The FDD
(Frequency Division Duplex) transceivers use different frequencies for
transmission and reception. So the direct loopback is not possible due to this
frequency offset between the transmitter and receiver. In Paper5, we present a
comprehensive overview and techniques to enable the loopback test for different
types of RF transceivers.

3.2 Cost of Test (COT)
The advances in technology have made the cost of test (COT) an increasingly
critical parameter in the semiconductor business. In early seventies, the typical
wafer size was 3-inches with handful of good dies in middle. In 2008 the 12inch (300mm) wafer is in full production. Now, manufacturers and foundries are
moving toward 16-inch (450mm) wafers for even further decrease in per die
manufacturing costs as shown in Table 3.1 [2].
In the past, RF components like LNA and mixers were encapsulated in simple
packages with small number of pins. Now, the radio transceivers are integrated
and have embedded amplification, downconversion, demodulation and
digitization functions. This leads to the need of a large number of high-speed
pins, wideband external connections, more complicated test jigs, and eventually
longer test times. While the automated test equipment (ATE) design continues to
address these needs of ever-increasing device complexity with more complex
and flexible systems, the cost of test has not been following the ever-falling
average marketing price curve. Obviously, this mismatch must be reconciled if

3.3 Product Life Cycle of a Typical Radio Transceiver
Parameter

Wafer Size
Cost to produce the wafer
Number of dies per wafer
Production cost per die
Test time (seconds)
Test cost per second
Test cost per die
Total manufacturing and test cost per die
Test cost percentage of total
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1990

2005

3 inches
$10K
300
$33.33
2
$0.05
$0.10
$33.43
0.30%

8 inches
$3K
9000
$0.33
220
$0.05
$0.20
$0.53
37.50%

Table 3.1: Comparasion of manufacturing and test cost

the next-generation products are going to meet the consumer demand of cost and
functionality. In, Table 3.1, which shows the COT associated with single-site
testing of the devices, we see that due to large wafer sizes the number of dies
has increased. With the improvement of technology, the yield has also increased
and it is more than 90% in most cases of CMOS volume production. These
factors have raised the production testing cost from insignificant figure of 0.3%
to 37.5%! The test cost reduction efforts can broadly be addressed as [1][2]:
• Test faster: Increased throughput of test equipment, multi-site testing,
and improvement in ATE test programs and optimized test vectors.
• Test earlier: Early identification of faulty devices before the packaging
to save the cost of additional packaging and further processing.
• Test less: Removal of redundant or non-critical test based on statistical
correlation with existing data.

3.3 Product Life Cycle of a Typical Radio Transceiver
A typical wireless terminal product cycle consists of four stages as shown in
Figure 3.1. Those are the proof of concept phase, low volume production (Stage1), production ramp up to the full volume production (Stage-2), full volume
production (Stage-3) and then the gradual end of the production life cycle
(Stage-4). The testing requirements are different during the different phases of
the product life cycle. The objective is the contradictory goal to increase the
yield and reduce the test cost at the same time [3][4].
Proof of concept phase: During this phase the most elaborate and rigorous
test plan is applied to fully characterize the device under test (DUT). Failure to
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Figure 3.1: Product life cycle of typical radio transceiver

do so leaves the gaps and holes in the product performance, which may be
extremely costly to bridge at the later stage of production. The purpose of test
set employed during this stage is to make sure that the DUT performs well under
all conditions it may face during deployment in the field. The test cost and time
are not the issues to be considered and the individual tests are usually tailored to
test the specific feature of DUT.
Stage-1: In the small volume production phase the target is to catch the bad
devices as soon as possible. The design used in this stage might be slightly
different from the ‘proof of concept’ design. The modifications are done at both
circuit and system level in order to achieve the ‘test’ and ‘yield’ friendly design.
At this stage, it is easier and less expensive to make the changes when the
failures are identified. During this phase, an elaborate test plan is used and the
R&D design team is still involved in order to make the design changes when
necessary.
Stage-2: The objective during the production ramps up phase is to identify the
good devices. This means that discarding few good devices is acceptable as far
as any bad devices are not declared good. The optimal test plan is applied which
is the subset of elaborate test plan applied in previous production phases. The
design is supposed to be bug free and for maximum efficiency R&D design
team is no more involved in the process at this stage.
Stage-3&4: In the full production phase, a fully mature and completely
characterized design is used. To optimize the test cost and time, minimum test
set is used. The minimum test set is an optimal compromise between the test
cost and the chip cost. As shown in Figure 3.2, when minimum test set is used
the test decision boundary is not the same as the boundary between good and
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bad devices. Due to insufficient test coverage (minimum test set) some good
devices are declared as bad which results in yield loss. Similarly some bad
devices are declared as good and shipped to customers. These devices are
declared as Defective Parts Per Million (DPPM) [4]. The minimum test set for
full volume production is designed to get the optimal compromise between
DPPM, yield loss, and test time.

3.4 RF Test Methodologies
As depicted in Figure 3.3, RF testing can be broadly categorized into [5]:
• Specification based functional testing
• Defect oriented structural testing
The both methodologies are suitable for component level, as well as system
level test in volume production. On the other hand, only the specification based
functional testing is thought to be suitable for the concept design and
prototyping stage. All the tests described above can be enabled using any of the
three methods listed below. Practically, in today’s integrated RF transceivers, all
of these methods are used at different stages of radio transceivers testing [6].
• Mixed signal Automatic Test Equipment (ATE)
• Loopback test using Base Band (BB) processor to generate and analyze
the RF and baseband stimuli
• Additional on-chip DfT circuitry to generate stimulus and analyze the
RF and baseband responses (discussed in Chapter-4)

Bad devices that
are shipped and will
be returned (DPPM)

Test distinction
between good and
bad devices

Good devices that
unjustifuiably failed
(yeild loss)

Good devices

Bad
Devices

Figure 3.2: Test plan reliability and decision error boundaries
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Figure 3.3: Broad categorization of RF test methodologies

3.4.1

Component Level Testing

As shown in Figure 3.4, a typical zero- or low- IF receiver consists of LNA,
down-conversion mixer, frequency synthesizer, lowpass filter and ADC. The
transmitter consists of the components like DAC, up-conversion mixer, lowpass
filter and power amplifier (PA). For cost reduction, some times the frequency
synthesizer is partly or fully shared between the transmitter and receiver. The
duplexers or antenna switches are used depending upon either the system is
FDM or TDM [6][7]. The typical production tests performed on today’s RF SoC
and RF SiP devices are listed in Table 3.2. The references [1] and [2] list the
classical techniques to measure these parameters. These techniques heavily rely
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Figure 3.4: Typical zero- or low-IF radio transceiver

on the external RF instrumentation, wafer probing, and ATE testers The future
multistandard and multiband receiver will be highly integrated and even more
complex. Therefore alternate test techniques are needed to reduce the overall test
time and hence the test cost.
In this section we will briefly discuss the fundamental parameters needed to
characterize the RF blocks. We also discuss the alternate test methodologies for
cost effective testing reported in the recent literature.
Low Noise Amplifier (LNA): The LNA testing includes the measurement of
the gain, IIP3, input impedance matching (S11), and noise figure (NF). The
LNA IP3 is estimated using two-tone test. An alternate testing scheme is
presented in [8] that estimates the value of IIP3 from a single-tone. This
approach is successfully applied to a common-source amplifier and a differential
amplifier with resistive load. Measurements of commercial amplifiers show that
IIP3 can be estimated from their gain compression curves. It is not clear from
the published data if these results are valid for broadband feed-back LNAs with
capacitive loading as well. These types of LNAs are strong candidates for future
multistandard multiband receivers. Another indirect testing technique is
presented in [9] where it is shown that the input matching, gain, and NF can be
measured using the RF peak detectors. The drawback of this technique is the use
of an extra on-chip test amplifier.
Mixer: The mixer characterization includes the measurement of conversion
gain, linearity and NF. The gain, linearity, IP3, and 1dB compression point are
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Parameter

ACPR/ACLR
Bandwidth
Carrie suppression
Charge pump current
Dynamic range
EVM
Gain
Gain flatness over frequency
Gain flatness over power
Insertion loss
Isolation
I/Q amplitude imbalance
I/Q dc-offset
I/Q phase balance
Lo frequency
Noise Figure
Output power
Phase noise
Power Added Efficiency (PAE)
Power/gain compression
Power/gain linearity
Return loss
RF-LO rejection
2nd order intercept point (IIP2)
Spurious output
3rd order intercept point (IIP3)
Total harmonic distortion

LNA PA Transmitter

Receiver

×
–

–

–

–

–

×
–

×

×

–

×

×

×

×

×
–

×
–

×
–

×
–

×

–

×

×
–

Frequency
Synthesizer
×
×
×
–
×

–

×

–

–

×

–

–

×

–

–

–

×

×
–

×

×

–

×

×

×

×

×

×

×

×
–

×

×

×

–

×

×

×

×

–

×
–

×

×

×
–

×

×

×

×
–

×
–
×

×

×
–

×

×

×
–

×
–

×
–

×

×
–

–

×

×

×

×
–

–

×
–

×
–

×
–

×
–

×
–

–

×

–

×

×
–

–

–
–

×
–

×

–

×

–

×

–

×

–

×
×

×

Table 3.2: Typical production tests for RF-SOC and RF-SiP devices

measured in the same way as for LNA. The NF measurements are quite tricky
and problematic due to the time varying nature of mixer circuits. Moreover, for
the zero-IF designs the Noise Figure Meters (NFM) are not adequate. The NFM
frequency range starts from few a MHz which is much higher than the band of
interest which starts at 0Hz in case of zero-IF radio receivers [5].
Frequency Synthesizer: The frequency synthesizers are common to both
transmitter and receiver. The centre frequency, lock range, hold range, settling
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time, and phase error are measured to characterize the frequency synthesizers.
Settling time is important for the modern transceivers using frequency hopping.
The frequency synthesizer phase noise and receiver filtering characteristic sets
the fundamental limit on receiver selectivity. A very interesting on-chip phase
noise measurement technique is reported in [10]. Unlike popular monolithic
measurement techniques that measure jitter in the time domain, the proposed
method measures the phase-noise spectrum. The proposed circuit is fully
integrated and does not require a spectrally clean reference clock or any external
calibration. The circuit uses a low-noise voltage-controlled delay-line (VCDL)
and mixer-based frequency discriminator to extract the phase-noise fluctuations
at baseband. A self-calibration circuit is used to operate the measurement circuit
at its highest sensitivity point. The reported single-tone measurement sensitivity
is -124 dBc/Hz at 100 kHz offset frequency.
Power Amplifier (PA): Typical PA metrics include output power, efficiency,
power gain, linearity, Adjacent Channel Power Ratio (ACPR). Typically Pas are
manufactured using GaAs technology and are outside the RF transceiver chip,
but some recently reported designs show the possibility of a complete CMOS
transceiver with on-chip PA in near future. In [11][12] the class-AB and class-E
power amplifiers are reported in 65nm CMOS. The class-E PA has 30dBm
output power with PAE of 65% at 2GHZ.
The on-chip integration of RF power amplifier will make the RF transceiver
testing even more challenging. An alternate test scheme to test some of PA
parameters is reported in [5], where a single tone input and RMS power detector
at the input and output of PA are used to estimate the gain and 1dB compression
point. The ACPR can not be estimated using this method as it requires the power
measurement within a certain bandwidth, which is different from the channel.
This required information cannot be obtained from the RMS detector output due
to its inherent wideband behavior.

3.4.2

System Level Testing (EVM & BER)

Traditionally, only RF transceiver components (LNA, mixer, and PLL)
specifications were tested to meet the specifications and this was the indirect
method to ensure the product quality. Modern transceivers are integrated with
both digital and analog parts on-chip with complex signal processing schemes.
Now, it is a common practice in industry to conduct system-level functional
testing to comply with product quality standards [6][7].
These system level tests like Bit Error Rate (BER), Symbol Error Rate (SER),
and Error Vector Magnitude (EVM) ensure the product quality and are also used
as a substitute to some component level tests. For example, Bluetooth and
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Worldwide Digital Cordless Telecommunication (WDCT) transceiver use BER
for receiver, co-channel, and adjacent-channel sensitivity testing. In cellular and
WLAN standards EVM is also used along with BER. EVM provides the direct
measure to transmitter and receiver modulation/demodulation accuracy and
overall signal quality. A signal sent by an ideal transmitter-receiver would have
all constellation points precisely at the ideal locations. However, various
imperfections such as carrier leakage, poor image rejection ratio, and phase
noise can cause the actual constellation points to deviate from the ideal
locations. EVM is a measure of how far the points are from the ideal locations.
EVM can capture both the amplitude and phase error and reduces many test
parameters that characterize the distortion, non-linearity, and noise into one
parameter [2].
The system level tests are not mature enough to completely replace the
traditional functional level tests. Thus, it is very common for production test list
to contain certain level of redundancy that may or may not improve the system’s
overall test coverage [2][6]. Another approach to production testing is suggested
in [13]. The authors propose to perform the system level tests as normal
production test plan and conduct the full characterization test plan every 100th
device or so. In this way the effective test time per device increases marginally
while still feeding the useful information back to designers and fabrication
engineers about the nature of the failures [14].
Error Vector Magnitude (EVM): The most widely used quality metric in
digital communication systems is Error Vector Magnitude (EVM). A modulated
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Figure 3.6: EVM measurement setup for receiver and transmitter

signal is needed to perform the EVM measurements. This signal can be
generated within the tester or on-chip digital baseband processor. Figure 3.6
illustrates the general setup for testing the transmitter and receiver EVM. As the
transmitter upconverts the frequency, a tuner is needed to downconvert the
frequency back to IF or baseband. This tuner is fully characterized and
calibrated to perform the EVM measurements. After downconversion, the
analyzer samples the output signal to capture the actual signal trajectory. The
signal is demodulated and the reference signal is mathematically derived. The
Error Vector is the vector difference at a given time between the ideal reference
signal and measured signal. The error vector is a complex quantity that contains
the magnitude and phase as shown in the Figure 3.5b. The EVM is the rootmean-square (rms) value of the error vector over time at the instances of symbol
clock transition. Usually, the EVM is normalized to either the amplitude of the
outer most symbols or the square root of the average symbol power [15].
The EVM is sensitive to all signal flaws or circuit impairments that affect the
magnitude and phase trajectory of the signal for any digital modulation format.
These problems can be caused by baseband, IF or RF sections of transmitter.
Figure 3.5a) illustrates the effect of different signal impairments like random
noise, phase noise, distortion, AM to PM distortion, and AM to AM distortion
on the behavior of a single constellation point in constellation table. Most of
these identified problems can be tracked down to the faulty components by
looking at the graphical representation of EVM like the polar diagram,
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constellation plots, constellation trajectory plots, magnitude of EVM versus
time, and EVM spectrum [16].
Unfortunately, the total reliance on EVM as a production test is not feasible,
as in many cases standards specify the BER as the final evaluation metric of a
complete communication system [1]. The use of EVM to estimate the BER is
not recommended in general. The rationale behind this is simple and straight
forward. The EVM takes the summation of random (thermal noise, phase noise)
and deterministic (distortion, AM/PM conversion) impairments. The random
impairment adds geometrically (1+1=√2=1.41) while deterministic effects like
AM/PM distortion adds linearly (1+1=2). This means that AM/PM distortion
always rotate the vector in the same direction compared to the vector magnitude
while phase noise can rotate the vector randomly in any direction.
Now, assume two hypothetical scenarios, one with a lot of phase noise and
little distortion and other with little noise and a lot of distortion. As the EVM is
the summation of all random and deterministic effects, its value can be same for
both scenarios [15]. But the BER will have different values for both cases.
Therefore, EVM can predict the BER when a single type of impairment strongly
dominates the performance. In [16], the authors propose a technique to
artificially generate this situation by introducing a strong blocker, which pushes
the symbols close to the decision boundaries on the constellation diagram. In
[17], the EVM and BER are compared for different type of modulations for
IEEE802.11a standard. The comparison results show that when the SNR of the
input signal decreases, the increase in EVM is much larger then BER. A similar
attempt is reported in [18] to relate EVM and the adjacent channel power ratio
(ACPR) with input power of the power amplifier. Simple DSP techniques and a
time-domain approach is used to relate the EVM with input power.
Another disadvantage of EVM compared to BER is the longer test time. As
the bandwidth of the modulated signal increases, the required sample rate of
digitizer increases. Additionally the repeatability of EVM measurement
increases as more symbols are compared, again leading to a large number of
samples to be captured. Therefore, for large bandwidth signals the measurement
times can become prohibitively large. In order to reduce the test time, based on
the transceiver architecture the modulation type characteristics can be optimized
for certain types of tests [19]. In [20], an approach to decrease the data
collection time for EVM is presented. Usually the handsets supporting EGPRS
also incorporate a GMSK modulator and hence, in order to reduce the
computing time on the production tester by more than an order of magnitude.
This paper suggests acquiring a part of the data needed for the 8PSK
modulator’s EVM calculations during the phase error measurements of the
GMSK modulator. This approach can be applied to any mixed-signal modulator
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embodying a phase-only modulator in parallel with a modulator employing a
phase and amplitude modulation scheme.
Recently, EVM testing has received a lot of attention from industry for the
low cost test solution [19][21][22]. Since EVM is very sensitive to different
impairments in a transceiver, particularly for variable envelope modulation, it
has a potential to be utilized as low-cost alternative to the other standardcompliance tests.
Bit Error Rate (BER): An error rate is the ratio of the number of bits,
symbols, frames, and blocks incorrectly received to the total number of bits,
symbols, frames, or blocks sent during a specified time interval. This error rate
is termed as BER, SER, or FER depending upon the basic unit of data under
consideration which might be bit, symbol, or frame.
The bit errors in radio receivers are caused by intrinsic or extrinsic factors.
Usual intrinsic factors are the design, implementation, and fabrication
impairments and non-idealities like thermal noise, phase noise, and distortion.
The extrinsic sources of error include power supply noise, electrostatic
discharge, channel fading, and cable/connector vibration [23].
The intrinsic impairments fall into two categories: as noise sources and
distortion sources. The receiver noise figure is the primary characteristic of the
random noise in the receiver chain. The transmitter PA and receiver mixer are
the main sources of distortion such as AM/AM and AM/PM distortions.
Oscillators and frequency synthesizes which are integral components of
modulators (demodulators) and up (down) converters in transceivers are the
primary source of phase noise. Each of these sources has a unique impact on
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BER, as shown in Figure 3.7 at threshold receiver noise dominates the BER. At
overload, receiver distortion in mixer dominates the BER. The residual BER
floor is dominated by the receiver phase noise from all sources and distortions
from PA [15]. The residual BER floor is defined as the point in the receiver
BER plot when further increase in input power will not improve the BER [23].
If the receiver is neither overloaded nor under threshold limit, it is safe to
model the error sources by Gaussian error distribution. In this case, the time
needed for BER measurements can be estimated using (3.1), where c is the
degree of statistical confidence level, b = upper bound of BER and r = bit rate or
data rate. Statistical confidence level is defined as the probability, based on a set
of measurements, that the actual (measured) probability of an event is better
than the specified level [24][25].

t=−

ln(1- c)
b×r

(3.1)

The modern radio and wireless standards list several BER tests for the
evaluation of different aspects of radio receivers [1][2] :
• Sensitivity BER: The sensitivity test measure the threshold power level
without any blocker for a specified BER. The input power level is
stepped and controlled accurately while the BER test is iterated. The
sensitivity test is performed without any blocker; all the other BER
tests involve single or multiple interfering signals. The interfering
signals can be CW signals, modulated signals, or combination of both.
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They are used to approximate the real environment in which the
wireless terminal is designed to operate.
• Carrier-to-Interference (C/I) BER: The C/I test is performed using two
signals, the modulated desired signal at a particular power level and
another modulated signal as an interferer at another power level. The
most critical of these tests are the co-channel interference test and
adjacent channel interference tests. They are performed similarly using
two modulated signals of appropriate frequency applied to DUT at the
same time and then measuring the BER.
• Blocking BER: The blocking BER tests are designed for both inband
and out-of-band continuous wave interfering signals that after passing
through receiver non-linearity can desensitize the receiver chain. Since
the interfering signal is single CW tone, it is referred as blocker, and its
power level is high enough that it can potentially block the receiver
from detecting the signal in desired band.
• Intermodulation BER: This test measures the receiver non-linear
characteristics. This is similar to traditional two-tone test. The desired
modulated signal is sent with the two unwanted signals to generate the
inter-modulation product that falls directly on top of the desired signal.
The BER is then measured to determine the receiver performance in
presence of inter-modulation distortion.
• Maximum input level BER: This test measures the ability of the
receiver to operate even when saturated or at maximum power level.
Different standards specify different values for sensitivity and
maximum tolerable strength of input signal. The difference of the
above two quantities is the dynamic range of the receiver.
The basic BER test setup is illustrated in Figure 3.8. The delay time through
the RF path (both tester and DUT) is the main challenge in the BER
measurements and should be precisely determined. Once the time delay in RF
path is known, it is matched with the programmable delay element and the
incoming digital bits are compared with transmitted bits to determine the BER.
There are various techniques available to generate the programmable time delay
and compare the data. The suitable technique is selected based upon needed
throughput, complexity, reusability, cost, maintainability and ease of
development [1].
Since BER depends upon the probability distribution of the sources of error,
the time needed for “ideal” BER measurement tends to infinity. This is the crux
of many problems that are the cause of slackness in repeatability in BER
measurements performed in short time with high SNR test signal. This problem
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is aggravated in radio standards that use many sub-carriers in one channel
combined with spread spectrum and frequency-hoping techniques.
Consequently, long measurement time is needed to reliably measure the BER of
complete system. This contradicts with the basic requirement of short testing
time per device in modern multistandard receiver radio transceivers. As an
example, assume a 4G wideband standard with data rate of r =3.0 Gb/s , c =
95%, b = 10–12, (3.1) gives us the test time of 999 seconds (approximately 16.6
minutes) with the confidence level of 95%. This is an extremely long test time.
For multistandard receivers the test time will be even higher as each standard
will be evaluated separately [25].
Several attempts have been made to estimate the BER from the EVM which
takes relatively shorter test time compared to BER. In [17], BER is related with
EVM for different types of modulations. To avoid long test time for SER test, an
alternative approach is proposed in [26]. This method reduces the BER test time
by applying a sequence of AC tests. The BER value is predicted using statistical
regression models that map the results of the AC tests to the expected BER
value. The method also alleviates the need for using a complex BER tester. The
technique is backed by the experimental results for a 900 MHz wireless receiver.
Another BER measurement technique to save the test time is described in [27].
This paper describes a novel production test technique for BER testing of
orthogonal frequency-division multiplexing (OFDM) transceivers. By adjusting
the phase values of the baseband signal, the proposed manufacturing test
methodology reduces the overall test time considerably, while keeping the error
vector magnitude and peak-to-average ratio of the transmitted signal unchanged.
Authors claim that this method can be extended to any phase modulation scheme
to reduce the test time for BER [28].
A new technique is proposed in Paper4 to perform the SER test with simple
implementation and lower DSP overhead compared to the EVM.

Boosting SER TEST by Simple DSP
Technique (Paper4)
In this paper we address the symbol error rate test (SER), a recommended test
metric for many wireless standards to test digital RF transceivers (or receivers).
The required test setup can be either on-chip loopback or an RF tester can play a
role of a receiver or transmitter, respectively. The suggested technique enhances
the sensitivity of SER response to possible impairments in gain or noise figure
(NF) of the involved RF blocks. Even though these impairments can be
measured directly using component level functional tests, the EVM and SER are
cost effective in volume production. The enhanced SER test can achieve the
relative sensitivity as good as its counterpart, the error vector magnitude test,
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while saving the required DSP overhead. Moreover, by tuning out the SER test
from the optimum, a much larger dynamic range of the SER response can be
achieved, which is an advantage over the EVM test.
EVM test is superior to standard SER test in terms of sensitivity and
resolution. Apparently, in fault conditions like reduced gain or increased NF, the
EVM response captures the variation in all constellation points. As opposed to
this, SER response captures only those points which cross the decision
boundary. A straightforward way to make SER test sensitive to weak
impairments in gain and NF is to use a low power and low SNR signal. This can
be easily achieved by adding large noise at transmitter baseband. In this case the
reference points are located close to the decision boundary and the constellation
points tend to cross the decision boundary more easily when extra noise is added
or gain is reduced as shown in Figure 3.9.
In a more effective approach the BER value can be elevated by using
geometrical translation of the received signal at the baseband. For this purpose a
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transmission vector V = VI ,VQ  is defined on a constellation plane. Using V,
we can shift the constellation points toward the decision boundaries without
scaling as shown in Figure 3.10 a). This means that we can increase the SER to
our desired level which gives maximum sensitivity to impairments in NF and
gain. Figure 3.10 b) demonstrates the advantage of this technique. In standard
SER test a small degradation in the gain shrinks the probability space for single
QPSK point on the constellation diagram without changing the SER. Therefore,
the weak gain impairment will not be detectable using SER test. However, if the
constellation points are appropriately shifted using the predefined vector V, the
weak gain impairment will immediately reflect in SER test as shown in
Figure 3.10 b).
To validate this approach a functional model of WLAN 802.11b was
implemented in MatlabTM. The model is arranged as a direct conversion
transmitter and zero-IF receiver, and it operates as a QPSK coherent system. To
limit the simulation time of the SER test we have applied a pseudo-random
sequence of 1000 symbols, but for more confidence the simulations were
repeated for several different seeds of the AWGN sources, and the measured
SER values were averaged. The proposed SER test shows the same relative
sensitivity as the EVM test where, EVM squared was measured for fair
comparison. The required computation overhead for this SER test is lower than
for EVM. Additionally, it is observed that reducing the SER sensitivity can
provide much larger dynamic range of the test response, as compared to the
EVM. This can be deemed another advantage of the proposed technique. Further
explanation and detailed results are presented in Paper4.

3.4.3

Functional and Specification Based RF Testing

Functional testing is performed to verify that the DUT have the desired
functionality and intended performance. Traditionally, functional testing is
performed using external hardware like ATE, load boards, external signal
generators, and analyzers. In this section and onward we will consider only the
functional and defect oriented test techniques which are suitable for on-chip
implementation. The major motivation is to reduce the test cost and BiST is an
effective strategy to achieve this goal. This strategy is in-line with architectural
level changes in today’s wireless SoC design. Highly integrated direct
conversion receivers, SDRs, and polar modulator transmitter designs have a
mandatory requirement to reduce the number of RF and analog pins. Therefore,
the signal nodes have to be accessed and tested inside the chip reducing the total
cost of test and packaging [29].
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Specification based testing can be divided into the functional and performance
testing. There are several possible techniques that might be applied to test the
basic radio transceiver (DUT) functionality without external hardware. One
example is the loopback BiST. Unfortunately, it is not easy to extend these
methodologies to test the specified or regulatory performance parameters. To
test the regulatory parameters additional calibrated RF test structures are
necessary that increase the chip area and manufacturing cost [29].
A BiST approach for bandpass type wireless transceivers with on-chip
stimulus generation is discussed in [30]. This scheme involves all transceiver
blocks and is centered around a high frequency oscillator based on bandpass Σ∆
modulation techniques. Measurements are made in the digital domain where
SNR, frequency response and inter-modulation distortion can be obtained for
both the receiver and transmitter sections.
The type of stimulus to be applied in BiST is of special importance for
maximum test coverage. The use of unusual signal like pulse and noise is
reported in literature. A similar method called "Spectral Signature Analysis” is
presented in [31]. This method uses an OFDM signal as a test stimulus.
Simulation results show that the proposed method is suitable for BiST of RF
front-ends. The disadvantage of this principle is the possibility of “test escapes”
due to the masking by the receiver selectivity.
Reference [32] describes a technique for the on-chip measurement of highfrequency and high-bandwidth signals in radio transceivers. The test structures
and cores are placed at various locations within an integrated circuit. The cores
consist primarily of signal generators that approximate the output of a sigmadelta modulator using finite repetitive bit patterns. The test cores are capable of
digitizing on-chip signals at gigahertz rates. On-chip waveform digitization is
achieved using a passive on-chip RC filter, and a voltage comparator. Multibit
digitization using such limited hardware is achieved by making use of the
periodicity of the input signal. This mixed signal test approach allows obtaining
data from each block that can be used in fault diagnosis and on-chip calibration.
The communication between the multiple cores enables the “board-level” type
of measurement environment on the chip level.
The disadvantage of the approach in [32] is the extra on-chip area overhead
and the complexity of design. It is critical that the measurement circuitry must
have minimal area overhead, be simple in calibration and do not load the RF test
nodes. In [33], a new approach is presented that employs a simple test structure
to measure the RF response. These test structures are termed as feature
extraction sensors, which measure a complex function of the response waveform
and output a DC signature. The feature extraction sensors are basically
differential pseudo peak detectors. The statistical regression models are required
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to predict the desired specification from sensor outputs. Different sensor
structures are evaluated in the presence of environmental effects and process
shifts. It is observed that very simple sensing circuitry can indirectly predict the
RF performance parameters. The auto-calibration capability of these sensors is
demonstrated for environmental variations like temperature and large process
shifts. The downside of this technique is the extensive modeling overhead and
DSP processing load.
A similar technique using a simple statistical sampler is described in [34].
This sampler enables the observation of analog test points in RF circuits. The
single bit digital output of the converter is used in order to perform spectral
analysis of the RF signals. As this technique does not require reconfiguration of
the signal path, neither signal path degradation nor variable load for the analog
circuit is introduced. BiST can be implemented using the same digitizer
hardware. The input impedance of statistical sampler is very high so it is
possible to implement the on-line test strategies. This technique can be used for
rough monitoring of the functionality of RF blocks in a working transceiver. It
seems extremely challenging to use this technique to measure gain, noise and
non-linearity of the circuit.
Specification testing strategies are the primary driving force behind the
development of variety of on-chip instrumentation circuits which are discussed
in the next chapter.

3.4.4

Defect or Fault Oriented RF testing

Fault (defect) testing in digital circuits using structural test techniques is an
established way of reducing the test costs. However, this approach is not fully
mature for testing RF and analog circuits. The fault models that predict
analog/RF functionality and performance are neither readily available nor they
are easy to conceive [29]. In modern transceivers where the digital and
analog/RF portions of design reside on the same die, the digital scan chain
(BiST) and related digital test resources are already available on the chip to test
the digital part. This fact has drawn the attention of researchers toward the
defect oriented structural testing. The defect-based testing evaluates the failure
mechanism of the DUT to determine the compact and low cost production test to
ensure the product quality. In order to accurately represent the failure
mechanism, the realistic fault models are necessary [35][36][37].
In the analog domain the defects are modeled as parametric faults and
catastrophic faults. The parametric faults are soft faults representing the
components with values beyond there tolerance limits [38][39][40], while the
catastrophic faults are the faults representing open or short circuits in the analog
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circuits. The short circuit connections are represented by small resistances while
the broken or open circuit faults are emulated by large resistances [41][42].
In [43] the above described modeling approach is applied to test a flash
analog-to-digital converter. It is shown that with simple tests 93% of the defects
in this circuit can be detected. The authors claim that with improvements in
design to reduce the leakage current of circuit components the test coverage can
be raised up to 99%.
These modeling techniques seem successful for the low frequency circuits but
they need to be rethought and redesigned for RF circuit testing. The major
reason is that the RF performance parameters like NF, 1dB compression point,
and input impedance have more complex dependence upon the physical
structure of the transistors than the analog parameter like gain and leakage
current.
In nano-meter RF design there are large process variations which make the
passive components deviate from their nominal values. An extra effort is put in
the circuit design to make circuit behavior as independent from process variation
as possible. Moreover a large variation in some non-critical components might
be acceptable while a small variation in the critical component may amount to
the specification violation. This means, there is a possibility that the ‘good’
devices with large variations in non-critical components might be erroneously
declared as ‘bad’ and vice versa.
This fact makes the process of defect modeling even more complicated and
dictates that pass/fail decisions must be made based upon the specification
violation, rather than based on fault detection.
In paper [44] the spot defects in CMOS RF circuits are discussed and
modeled in terms of the NF and gain degradation in the blocks under test. The
spot defects are the dominant cause of circuit failure in a mature CMOS process.
These spot defects when modeled as resistors degrade the circuit performance
such as NF and gain. The NF is considered as test response and noisy two-port
model is utilized to analyze the impact of the generic faults. Author observed
that NF is more susceptible to defects located closer to the input port compared
to those closer to the output. The weakness of this approach is that even
relatively strong faults are masked by circuit tolerances unless they experience
high gain loss on their path to the output, therefore resulting in reduced
detectability.
The broken line in the signal path modeled by high value resistance. At low
frequencies this model may be effective. However, at RF frequency the
assumption of the complete signal loss may not hold. This problem is addressed
in paper [45], where instead of defining predetermined value for the defects;
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continuous spectrum of fault behavior is used. The acceptable limits for defect
free parameter values are derived taking the process variations into account.
These defect free values are used to define the defective range for fault
simulation. The parametric defects are injected into transistor-level circuit
parameters of a test device through random sampling from a defective
distribution. Defective devices are classified as unacceptable only when they fail
in specifications. The authors claim the test time reduction by 50% and 99%
failure coverage without yield loss.

3.5 Enabling the RF Testing
Different types of RF tests like parametric, system, and fault tests, can be
enabled using three different methods. The test structure to enable these tests
should be able to generate some kind of RF or baseband stimulus and then
analyze the resulting test signature. The RF test for integrated radio transceivers
can be enabled using [6][7]:
• Rack and Stack: The standard off the shelf test equipment is used like
probing stations, RF and baseband signal generators, and vector signal
analyzers. This approach is perfect for the prototype testing but not
suitable for integrated transceiver production testing. Major reasons are
the number of extra test pins, cost of the test equipment, and long setup
time for test.
• Automatic Test Equipment (ATE): This is special tester designed for
the production testing for RF transceivers. The ATE should have all the
required bandwidth, the signal generation, and analysis capabilities
needed for the particular radio standard under test. Use of ATE reduces
the test time, but due to the short lifetime of the radio standards, it is
hard for ATE manufacturers to keep abreast with the emerging wireless
standards.
• On-Chip Built in Self Test (BiST): This approach is very mature for
digital circuits and stepping into the RF domain just recently. It has a
potential to meet the cost and test time required particularly for the
highly integrated transceiver having RF frontend and baseband part on
the same chip. The baseband DSP can be used as response analyzer and
signal generator. On-chip loopback is one typical implementation of
BiST.
At this moment of time, the industry is using a combination of all the three
approaches to economically test the integrated RF transceivers [1][2]. Technical
details of the used methodologies and their cost benefit analysis is not available
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in the open literature, since these techniques are guarded as trade secrets rather
then being protected by patents. We will discuss the ATE and BiST approaches
in detail in the next section.

3.5.1

Mixed Signal Automatic Test Equipment (ATE)

For the RF, IF, and baseband measurements; test time, cost, the number of
channels (RF, IF, and Baseband), and bandwidth of measurements are the
parameters that influence the choice of ATE. Recently, RF ATE systems have
become available that integrate all of these functions and provide a much higher
throughput capability than typical rack-and stack equipment. These RF ATE
systems with various options are available from numerous companies. The
details of these measurements are beyond the scope of this thesis, but all ATE
vendors provide application and benchmarking information for the
measurements and standard addressed. The major trade-offs are: number and
quality of RF ports, the available bandwidth, data rate per port, number of
synthesized RF sources, the amount of RF output power, the number of DC and
AC channels, types of measurements the system can do and the software
interface. The ATE system architecture is pivotal to the future updates and level
of calibration attainable for system and interfacing components that connect the
ATE to the DUT [46].
Figure 3.11 shows a typical mixed signal ATE block diagram. It includes
extensive relay matrix, RF signal sources, arbitrary waveform generators, time
measurement units, and digitizer. The new wireless standards have the tendency
to use wider frequency bands, higher data rates, and new modulation types.
Therefore, usually the next generation ATE needs complete overhaul of
architecture rather just replacing some of its bottleneck blocks. This further
burdens the ATE manufacturers with integrating parallel, high-precision, high
dynamic range baseband digitizers and arbitrary waveform generators into their
ATE systems. Another necessity of the next-generation ATE will be parallel
low-frequency reference clocks with excellent phase noise characteristics to act
as the reference oscillator for the DUT. WiFi standards like WiMAX place
tighter phase-noise specifications on the reference clock due to the higher order
complex modulation schemes that they use. This is a nontrivial challenge
because the ATE’s internal local oscillator must have better phase noise to meet
the test requirements while simultaneously improving tuning speeds.
This makes the RF ATE a quite expensive piece of hardware. Generally, cost
and precision are two conflicting design parameters where one is traded for the
other [47]. These difficulties and higher test cost of RF ATEs have motivated
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Figure 3.11: Block diagram of generic mixed signal (Digital & RF) automatic tester.

the test engineers to look towards the BiST approaches, which are possible
candidates to pave the way to low cost RF production testing.
The major strength of the modern ATE is the immense DSP power available
to analyze the captured and digitized signals. When more analog/RF channels
are needed to be tested with wide bandwidth, the interface between the ATE and
DUT becomes very critical. This is particularly true for the new wideband
transceivers which need extremely wideband transmission lines to carry the
signal from ATE to the DUT. In Paper6, we discuss a technique to overcome
this problem by introducing the step change in substrate thickness to cancel the
effect of width discontinuity, thus achieving a wideband low-reflection
transmission line. This method can be easily adopted to make cost efficient RF
load (test) boards for RF ATE using low cost materials like FR4.

3.5.2

Built-in Loopback Testing

As discussed in the previous sections, the complexity and performance of RF
transceiver ICs is pushing functional test methods and the ATE to the edge of
their limits [1][48]. In this context, alternative approaches based on analog fault
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modeling, design for testability (DfT) and built-in self-test (BiST), so far not
appreciated by industry, are appealing and can alleviate the problem [36].
In particular, digital IC radio transceivers can be subjected to BiST by using a
loopback setup [31][51][52]. The advantage of this approach is that all the RF
front-end blocks are under test and catastrophic defects can be easily detected.
Only loopback element (an attenuator) between the transmitter output and
receiver input is required. In normal operation mode the loopback attenuator can
be disabled so that the transceiver performance is practically not affected [53].
On the other hand, this technique makes parametric fault detection and fault
diagnosis difficult due to limited observability. In other words, the test response
from a given RF block (such as LNA) can be obscured by the transfer function
and parameter variations of the following blocks (Mixer or Filter) in the signal
path. The quality of test stimuli after passing through the chain of blocks cannot
be guaranteed. This problem has been discussed in [54] for the functional tests
in terms of circuit parameter variations and the fault coverage.
To improve the testability of loopback test, the structural test supported by the
signal path sensitization is reported in [55][56] . The sensitization technique is
especially useful for parametric faults, which can be detected by special test
signatures. This approach requires a careful qualitative analysis supported by
parametric fault simulation. Detection of catastrophic faults in the loopback
setup is usually not very difficult as the DUT is nonfunctional. Moreover, in
many scenarios loopback can enable system level tests (EVM, SER), functional
and specification based test, and defect oriented tests.

Built-in Loopback Test for IC RF Transceivers (Paper5)
Feasibility of Loopback Test: Loopback test is feasible for integrated radio
transceivers containing transmitter, receiver, and a baseband processor. To
enable the on-chip loopback, the test signal from the transmitter is feed-back to
the receiver via test attenuator (TA) as shown in Figure 3.12. The approach
works fine as long as the transmitter and receiver operate at same frequency and
their architectures are mutually compatible for loopback. This means that the
frequency synthesizer (LO) is only used in frequency up- and down conversion
and modulation is performed at baseband. These requirements decree a typical
one-step transmitter and a low- or zero-IF receiver [57].
At the base station level multiple accesses can be achieved by Time Division
Duplex (TDD) or Frequency Division Duplex (FDD). In TDD systems the same
frequency band is used for transmission and reception with the restriction that
either transmitter or receiver can be operational at one point in time. In case of
FDD systems, different frequency bands are used for transmission and reception.
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DAC

Figure 3.13: Loopback test of integrated radio transceiver using offset mixer

Depending upon the type of multiple access scheme, receiver- and transmitter
architecture, the requirements for the loopback are summarized in Table 3.3.
In the case when there is a need for the frequency offset, the loopback test can
be enabled in two ways:
• Use of transmitter DAC: If the system is narrowband (such as
Bluetooth, BW = 1MHz) the transmitted baseband signal can be upconverted in the BB processor to IF, compensating thereby the existing
incompatibility between transmitter and receiver center frequencies.
Therefore, the setup shown in Figure 3.12 still holds.
• Use of offset mixer: Up-conversion to compensate for frequency offset
is not feasible at baseband for wideband system (such as Wi-Fi, BW =
20 MHz). This puts an extremely stringent requirement on the
transmitter baseband DAC due to much larger bandwidth requirement
during test mode and consequently higher power consumption. In this
case, a modified loopback setup with an offset mixer can be employed,
as shown in Figure 3.13 . The offset mixer is driven at one input (LO
port) by an RF signal from transmitter, and at the other by an extra
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Figure 3.14: Loopback test of quadrature integrated radio transceiver using
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carrier of the frequency equal to the IF. In this way the test signal at the
receiver input consists of a lower- and upper band, which upon downconversion turn into the IF signal and its image, respectively. If the
signal has an asymmetric spectrum the image tends to corrupt the signal
at IF, but this problem is not different from the image rejection in
standard reception and it is usually addressed by IQ technique. The
accompanying harmonics would be suppressed by the receiver IF
filters.
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• Apparently, the same setup also holds for FDD transceivers where
transmitter and receiver use different carrier frequencies. The
requirements for the offset frequency for typical variants of integrated
radio transceivers, adopting the offset mixer technique, are summarized
in Table 3.3. Addressed are the commonly used architectures based on
a zero-IF or low-IF receiver and a one-step transmitter
Direct RF Modulation Transceivers (VCO modulating): This is an
important class of TDD systems, which use direct RF modulation. Loopback test
for VCO modulation transceivers is discussed in [40]. The proposed setup
demands an RF signal with large delay corresponding to the data rate. Since
long on-chip transmission lines are not feasible, therefore this technique is not
well suited for the on-chip loopback test. In another approach [58], the authors
introduced a frequency divider between transmitter and receiver to reduce the
phase modulation index in the loopback path. In effect the modulated signal is
retained in down-conversion but to accomplish this task the carrier frequency
(also subjected to division) must be recovered to meet the receive band.
If the carrier frequency is reduced to fO N the frequency of a complement
carrier is fO (1 ± 1 N ) . In this case, an offset mixer and a tuned RF oscillator are
needed. In practice, this oscillator should be implemented as an extra frequency
synthesizer and it can be costly, especially when on-chip inductors for the VCO
are needed.
Loopback Test using Offset Mixer: To overcome the above discrepancies,
we have proposed the use of an extra offset mixer, which can be disabled during
the normal operation mode along with TA. The block diagram of IQ offset
mixer suitable for both I and Q channel is shown in Figure 3.14. The offset loop
back can enable various system level and fault tests. The detail of the offset
mixer, mathematical background, and simulation examples are presented in
Paper5.

3.6 RF Test Methodologies − Summary and Trends
The production testing cost in the modern transceiver is a significant part of
the total manufacturing cost. The classical rack-and-stack and ATE test
approaches are not effective for the integrated multistandard and multiband
wireless SoC designs. These wireless devices are bound to have low power
consumption and low pin count. Therefore, internal RF test nodes are not easily
accessible.
The BiST and DfT approaches are recently getting more attention due to their
potential for low cost production testing. Many system level (EVM, SER) and
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circuit level tests can be conveniently enabled using BiST approaches,
especially the loopback test supported by bypassing technique and enhanced
on-chip observability. There is another class of DfT techniques, which use the
on-chip instrumentation like RF power and amplitude detectors, RF stimulus
generation, and on-chip phase noise measurement setup.
The integrated transceivers are usually very large in area as they integrate RF,
baseband, and memory on the same chip. At the same time with CMOS scaling,
in nano-meter technologies the transistors are becoming fast and inexpensive.
Therefore, the area overhead for additional on-chip test circuitry is no more an
obvious disadvantage as long as inductors are not used in the test circuitry. The
BiST and DfT testing techniques have clear advantage in low cost production
testing and probably will be taking more and more market share in future.
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Chapter 4
Design for Testability (DfT)-A Circuit
Perspective
“Testing leads to failure and failure leads to understanding.” Burt Rutan.

4.1 Introduction
As discussed in Chapter 3, RF test cost is increasing with every new
generation of SoC transceivers. This scenario is further complicated by
multistandard and multiband functionality embedded into modern integrated
radio transceivers. In volume production, the current industrial practice is to use
DfT and BiST schemes together with ATE thus maximizing the test coverage
and reducing the test cost [1][2]. Specialized test hardware is required to enable
these techniques inside integrated transceivers. In a general BiST scheme,
additional test hardware may consist of the stimulus generator (SG), test
attenuator (TA), RF detectors, ADC, DAC, and RF switches [3]. In this chapter
the circuit level design and implementation of a RF test attenuator (TA), RF
stimulus generator (SG), RF detector, and RF switches is presented. Finally, we
also describe a technique to design a low-reflection wideband transmission line
to test the wideband transceiver, using external stimulus, bonded on PCB.
In Paper6, we discuss the design of two reconfigurable narrowband LNAs
and test attenuator (TA) in a context of loopback test for enhanced
controllability and detectability. In Paper7, an on-chip stimulus generator
consisting of an adder and two on-chip low phase noise VCOs with tuning range
of 83.6% (0.92−5.61GHz) is presented. This circuit can generate a single- or
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two-tones with tone spacing of 3 MHz to 4.5 GHz with adjustable output power.
The stimulus generation circuitry is used to test the gain, 1dB-CP, and blocking
profile of RF front-end.
An integrated on-chip RF detector should have high input impedance, small
area, and very low power consumption. The basic operation of such a RF
detector meeting the above listed requirements is presented and compared with
other detectors reported in recent literature. The detailed design, layout, and
measurement results can be found in Paper8.
As these designs are intended to be manufactured in nanometer CMOS
technologies, another challenge is wide parameter variability especially for the
RF and analog circuits. On-chip DfT circuitry also suffer from this parameter
variability. This undermines the efficacy of on-chip BiST and DfT techniques.
Therefore, calibration of on-chip DfT structures is necessary. In Paper9 a novel
technique is proposed which uses Artificial Neural Networks (ANN) and DC
stimuli (instead of RF stimuli) for RF calibration. The complete DfT structure
including TA, RF detectors, and switches is implemented in 0.13µm CMOS.
The measurement results are presented in the last section of Paper2.
It is customary to use an external stimulus generator to test RF transceivers.
For testing a wideband receiver, bandwidth of several GHz in the signal path is
needed from the source to on-chip front-end under test. To cope with this
problem, we need a wideband low-reflection transmission line between the onchip pad and external stimulus generator. Such a transmission line is very hard
to design due to the difference in on-chip and on-board feature size, and the
requirement for extremely large bandwidth. In Paper10, we propose the use of
narrow tracks close to chip and wide tracks away from the chip. Normally,
narrow to wide transition in width results in impedance discontinuity. A step
change in substrate thickness is utilized to cancel this effect thus achieving a
low-reflection transmission line.

4.2 General Setup for On-Chip RF Measurement
The commercial RF test equipment consists of RF sources to generate the test
stimuli and RF receiver to analyze the RF response. Both the sources and
analyzers are designed to cover the wide range of frequency and power levels. In
the initial design phase this flexibility is necessary to evaluate the broad range of
wanted and unwanted scenarios. However, once the device reaches the final
stage of volume production, a few worst frequency and power level
measurement are sufficient to guarantee the DUT performance. This relaxes the
quality requirement for an on-chip instrumentation necessary for the production
testing [4].
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Testing of analog and RF circuit inside the mixed signal SoC transceivers is
more complex and challenging compared to SiP transceivers. A few important
aspects to be considered before designing on-chip instrumentation circuits are:
• Impedance matching is a crucial aspect in RF circuits: The additional
test circuitry added should be co-designed with the basic components
like LNA and mixer to avoid the adverse loading effects.
• RF switches and muxes used to reconfigure the DUT in test and normal
operation modes might cause the isolation and signal integrity
problems.
• The test blocks like RF detectors use capacitors for ac-coupling and
filtering. These capacitors can occupy a significant part of the total area
of the chip.
• In case of loopback test for SoC transceiver certain RF blocks can be
used as a stimulus generator and response analyzer when in the test
mode. In this case, the minimum additional test circuitry is needed.
Unfortunately, this approach has hardware requirements, specific to the
architecture and type of a transceiver (FDD or TDD) under test.
For the specification tests like Gain, 1dB-CP, IP3, ACPR, and blocking
profile usually the needed on-chip RF test blocks are attenuator, switches, RF
detectors, RF filter, and generator for a single and two-tone stimulus. We will
briefly discuss the general implementation issues for these tests.
Gain and NF: The possible block diagram to test gain and NF is presented in
Figure 4.1 a). The noise diode generates a broadband RF signal which is filtered
by a narrow band filter. By varying DC bias on the diode, multiple noise levels
can be attained. The LNA amplifies the noise or signal into the RF detector. A
calibration path around the DUT is used to verify the performance of the test
blocks. In recent literature, similar DfT techniques to estimate the gain and 1dB
compression point of LNA are reported [5]. To the best of the author’s
knowledge there are no reported attempts to measure the NF of the DUT using
an on-chip noise source. Instead, an indirect way to estimate NF of DUT
combined with fault modeling for system level testing is discussed in [6][7].
In this case, the output of RF detectors is correlated with the bench top
measurements to improve the accuracy of indirect estimation of gain, input
impedance matching, and NF. Another technique for evaluating NF suitable for
analog BIST implementation is described in [8]. It is based on a low cost singlebit digitizer, which allows the simultaneous evaluation of NF at several test
points of the analog circuit. A simple voltage comparator and a reference signal
are used to design digitizers instead of an ADC. The drawback of this approach
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is the use of a single bit digitizer, thus limiting the approach only to the low
frequency analog circuits.
ACPR, 1dB-CP, and IP3: Figure 4.1 b) shows the test setup for on-board
measurement of ACPR, 1dB-CP, and IP3. The adjacent channel tone for ACPR
test is down-converted with the test mixer to a frequency low enough to enable
the filtering of the primary tone. This technique is used in a commercial low cost
production testing equipment designed by IBM [9]. IP3 is usually regarded as
the slowest test due to the presence of mixer, which results in harmonics and
intermodulation products. IBM claims that the use of DC voltage measurement
in IP3 test helps to reduce the test time by factor of 100. Moreover, the standard
deviation for the one thousand IP3 measurements using the above mentioned
approach was less than the comparative measurements for the same DUT using
expensive ATE. An attenuator placed between the DUT and the mixer protects
DUT from the components reflected from mixer. This circuit has a potential to
be implemented on a chip. The major challenge will be the implementation of
highly linear mixer and BPF after the mixer.
Phase Noise: A block diagram of on-chip phase noise measurement setup is
shows in Figure 4.2 [10]. The proposed circuit uses a low-noise voltagecontrolled delay-line (VCDL) and a mixer-based frequency discriminator to
extract the phase-noise fluctuations at baseband. The VCDL is realized with a
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Figure 4.2: Block diagram of the proposed homodyne auto-calibrated phase-noise
measurement setup

chain of 100 inverters which are optimized to minimize the close-in phase-noise
impact of the delay line on the propagating signal. The BBLNA (Base Band
LNA) is mainly used to provide low-frequency gain and filtering while acting as
a buffer to drive a high output load capacitance. The fully differential BBLNA
uses a single gain stage followed by a second-stage NMOS source follower. A
self-calibration circuit is used to operate the measurement circuit at its highest
sensitivity point. The proposed circuit is fabricated using a 0.25µm digital
CMOS process and operates up to 2 GHz carrier frequency. It achieves the
equivalent phase-noise of –124 dBc/Hz at 100 KHz offset frequency. This value
is inferior compared to the stand alone bench top test equipment but it is
impressive taking into account on-chip noise coupling through supply lines and
substrate.
Blocking Profile: is a measure of the blocker power when the desired signal
gain drops by 1dB due to presence of the blocker. It is common observation that
numerical values of measured IP3 from an extrapolated graph using two tone
test suffer from a serious perplexity. At a low input amplitude, third order
harmonics grow with the expected slope of three, but then exhibit a steeper slope
as the power is increased. Thus one may compute different IP3 values using
different power levels. The blocking profile performance is a good remedy to
this uncertainty. A necessary condition for the blocking profile measurement is
no front-end filtering. Since there is no front-end filter present in a wideband
radio receiver, this test can be easily performed to evaluate the desensitization
characteristics of such receivers.
In the above measurement setups three test blocks are commonly used: RF
detector, Test Attenuator (TA), and Stimulus Generator (SG). We will describe
the design and implementation of these components in following sections.
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4.3 RF Test Attenuator
The commercial low power attenuator products are mostly fabricated using
ultra thin silicon on sapphire process. The sapphire substrate eliminates bulk
effects (substrate capacitance) for outstanding RF performance. The insulating
substrate enables large resistors and FET devices that are almost free of a
parasitic shunt capacitance. Sapphire also provides the necessary isolation
mandatory for high accuracy and high level of attenuation [11].
The current transceiver design trend favors the CMOS, and many companies
have marketed the SoC transceivers built in low cost digital CMOS technology.
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Figure 4.4: Block and circuit diagram of resistor and transistor based
multi-stage Test Attenuator (TA)

Our goal is to design a wide dynamic range RF attenuator which is integrateable
with a radio transceiver on one single chip. This can be implemented in two
ways, either by resistors and transistors switches or as an all-MOS transistor
circuit. One proposed implementation of the attenuator in CMOS process is the
linear-controlled CMOS attenuator [12].
This attenuator uses the π-network core where all passive components
(resistors) are replaced by active devices (transistors working in triode region).
The attenuation value can be varied by controlling the gate voltage of the
transistor to change the on-resistance value of each transistor. This attenuator is
composed of three separated circuit blocks namely: control linearization,
attenuator core and matching unit. All transistors in the attenuator core that
works in the triode region have on-resistances as nonlinear functions of the gate
voltage. The attenuation value is varied linearly by using control linearization
circuit. One difficulty of this approach is that the input matching control requires
a feedback control loop which makes the design too sophisticated to implement.
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Network
Type

Attenuation Value (Ω
Ω)
Resistor

T

RS

3dB
8.58

6dB
16.6

12dB
30

24dB
44

48dB
49

T

RP

141.4

66.6

26.6

6.27

0.39

π

RS

17.7

37.5

93.8

398.4

6399

π

RP

291.4

150

83.3

56.6

50.4

Bridge-T

R1

21

50

150

750

12570

Bridge-T

R2

120.7

50

16.6

3.33

0.2

Table 4.1: Resistance values for 3dB to 48dB attenuation for
π, T, and bridges-T configuration

Moreover, the test current flows in the replica block all the time implying more
power consumption. Another difficulty to be considered is the provision of an
accurate control voltage for a particular desired attenuation value. Unlike the
attenuators described in [12][13], we do not need the variable attenuation in this
application. For loopback test the discrete attenuation levels are sufficient and
also easier to design.
There are three basic configurations for resistive networks, π, T, and bridge-T
as shown in Figure 4.3. The basic relations for the attenuation and input
impedance are derived and listed with the diagrams. Based upon these relations
the required resistance values for 50Ω input match and 3dB to 48dB attenuation
range are calculated (Table 4.1).
From Table 4.1, T- network and Bridge-T have a possibility to implement
small attenuation values. If attenuation values higher then 24 dB are required,
R P in T-Network or R 2 in Bridge-T becomes very small and it is not possible to
realize such a small resistance value by using either sheet resistor or a transistor.
However, π-network can be used for high attenuation as R P and R S are large
enough to be realized using on-chip available resistors. Therefore, we choose the
π-network for implementation of the test attenuator.

RF Test Attenuator and Reconfigurable LNA
in 0.35µ
µm CMOS (Paper6)
In Paper6, two versions of a four-stage test attenuator (TA) are simulated
using 0.35µm CMOS. The circuit is presented Figure 4.4. The first version
consists of the resistive π-network. The resistors are switched in and out of RF
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Figure 4.5: Circuit diagram of transistor based three-stage Test
Attenuator (TA) implemented in 0.13µ
µm CMOS (Paper2)

path using the transistor switches. Three MOS switches are used per stage to
digitally setup the attenuation levels. The simulation results show that
attenuation level from 30dB to 90dB can be attained. To ensure independent
programming each stage is impedance matched, and the TA attenuation is a sum
of all stage attenuations.
The characteristic resistance of 500Ω is selected in this case, since the
minimum resistance needed in this case is a fraction of the characteristic
resistance of a stage. The sheet resistance available in the 0.35µm process is
only 50Ω /□ (poly2). So this is inevitable to change the characteristic
resistance from 50Ω to a higher value. As a result the impedance matching
stage is needed to integrate this TA with other blocks having the impedance of
50Ω. The drawback of this implementation is relatively large parasitic
capacitances of the polysilicon resistors. They tend to degrade the circuit
performance, especially for higher attenuation values. The post-layout
simulation results of attenuation versus frequency show a significant attenuation
drop due to the low pass effect. Additionally, a relatively large area of 300µm x
150µm is needed for this 0.35µm CMOS implementation. All together, we find
this design result inferior compared to the all-MOS approach. Further details and
simulation plots can be found in Paper6.
In the alternate approach only transistors are used to build the attenuator. In
this case again π-network is employed for its advantage over T or bridge-T
Network. A single stage all MOS π-network stage is shown in Figure 4.4. The
two transistors in front of the π-stage are employed for 50Ω input matching. The
attenuation is controlled using the digital signals D0, D1, and D2. The respective
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width of transistors used in this design is between 20µm to 55µm resulting in a
very compact layout. Hence, the differential version occupies the area of only
80µm×60µm. Due to this small area the parasitic capacitances are relatively
small compared to its resistive counterpart that results in a more flat frequency
versus attenuation response. Using four stage circuits gives sixteen attenuation
steps ranging from 55dB to 92dB of attenuation.
A similar three stage all MOS TA is implemented in 0.13µm CMOS as
discussed in Paper2. The circuit consists of three cascaded attenuator stages and
an input 50Ω matching network as shown in Figure 4.5. The series and shunt
transistors controlled by enable (En) signal are used to activate the TA. The
series transistors controlled by T0:T1:T2, have minimum length and their widths
are 1µm:3µm:20µm, respectively. The remaining series transistors controlled by
T3:T4:T5 have widths of 2µm:4µm:20µm, respectively. The first two stages are
jointly controlled and they provide four attenuation levels with ~10dB
separation in-between. The third stage provides four attenuation levels with
~2.5dB separation. The thermometric encoded digital control T0,T1,…T5 is
applied to the select lines. As a result, sixteen different attenuation levels can be
achieved within the range of 32dB to 70dB at the frequency of 2.4GHz.
The measurement results of this attenuator are not fully consistent with the
simulation results. The major reason is a poor isolation between input and
output, which was only 58dB at 1GHz. In fact the power supply and GND lines
are shared with the switching circuitry present on a chip. The coupling through
substrate and shared supply lines deteriorate the TA response for higher
attenuation levels. The measurement results and a more detailed discussion can
be found in Paper2.
As discussed in the beginning of this chapter usually ultra thin silicon on
sapphire is used to manufacture the attenuators. The high substrate resistivity
provides an excellent isolation. This level of isolation is not possible in digital
CMOS, which uses low resistivity substrate for high speed transistors. To
improve the isolation in a standard CMOS process the techniques like separate
VDD and GND lines, guard rings, and trenches around the noisy switching
circuits are practiced [14]. All these techniques in one way or other, add to the
area and the cost of CMOS circuits.

4.4 RF Stimulus Generator
Many stimulus generation circuits are proposed in literature for low frequency
ADC testing, mixed-signal testing, and analog testing. The RF stimulus
generation methodology proposed in [5] uses baseband processor to generate the
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test tones. The test signals are up-converted to RF frequencies using a
transmitter mixer. This scheme has a basic flaw that a defect free transmitter is
required to test the receiver circuit. Moreover, in the case of a wideband
transceiver design it is not possible to generate two tones with arbitrary
frequency spacing. The basic requirements for the stimulus generator to test the
gain and linearity of a wideband receiver can be summarized as follows:
• Wide frequency range to cover complete frequency band of interest.
For modern multistandard receiver this range is 900 MHz to 5.5 GHz,
covering all the major mobile, personal, and WLAN standards.
• Low area overhead and external control pins to keep the cost of die
under control.
• In the case of two tone generation, it should be able to ensure an
arbitrary frequency spacing of a few MHz to few GHz. This feature is
helpful in measurement of linearity and desensitization characteristic of
the receiver in the presence of an in-band and out-of-band blocker.
• The output power of a single or two tone stimulus should be
controllable with power steps of less than or close to 1dB.

A 0.9-5.6 GHz On-Chip Stimulus Generator in 90nm CMOS
for Gain, Linearity, and Blocking Profile Test of Wideband
RF Front-ends (Paper7)
In this paper, we present a stimulus generation circuit consisting of two widetuning range VCOs, an adder, coupling capacitors, and switches as shown in
Figure 4.6. Each VCO has nine Voltage Controlled Delay Lines (VCDL), which
are designed such that they are seamlessly switchable between two VCO
configurations consisting of either five or nine VCDLs thus covering the
complete frequency range of interest from 1 GHz to 5.5 GHz. The adder circuit
is used to generate two-tones with adjustable output power level while driving
50Ω load.
A test chip shown in Figure 4.6 was manufactured in 90nm CMOS. Two
copies of the same VCO are laid-out at the opposite sides of chip with separate
power supply to minimize the supply and substrate coupling. To avoid injection
locking, oscillator outputs are heavily buffered and power supplies are carefully
decoupled. During measurement, no symptoms of injection locking are observed
for the tone spacing as small as 3 MHz. VCntl and VFine are analog input signals to
change the oscillation frequency, the first changes the frequency in GHz range
while the other changes the frequency in fine steps of a few MHz resolution.
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Figure 4.6: Block diagram of wideband radio receiver with on-chip test stimulus
generation circuitry

A VCO in its slow mode, nine VCDL, operates with the tuning range of 65%
(0.923−2.65 GHz). In fast mode the tuning range is 55% (2.52−5.61GHz).
Collectively, this covers the frequency band of interest (1−5.5GHz) with
accumulative tuning range of 83.6%. The stimulus generation circuitry is used to
test the gain, 1dB-CP, and blocking profile of an RF front-end with error of
±8%, ±10%, and ±18%, respectively. This magnitude of error is acceptable for
screening out the bad dies in volume production. The further details of design,
implementation, and measurement are presented in Paper7.

4.5 RF Detector
The RF detector intended to measure the RF nodal voltages inside SoC
transceiver should have the following necessary properties [15]:
• Small area and power overhead. Since there is usually need of several
RF detectors to be used on the same chip. Therefore, the area of one
detector will be multiplied by the number of detectors used. This is
more challenging to make the detectors for IF frequencies. Due to low
frequency the size of ac-coupling capacitors becomes very large.
Therefore, other techniques have to be sought to overcome this
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problem. Similarly, low power consumption makes these detectors
suitable for on-line testing. Usually, for off-line test the power
consumption is not a serious issue.
• High input impedance to prevent the loading of RF nodes under test.
This is an extremely important feature for the detectors intended for
fully integrated transceivers. In integrated transceivers, the on-chip line
impedances are much higher then 50Ω. For example, the line
impedance of LNA to mixer node is usually in order of 200-500Ω and
is complex in nature. Therefore, the detectors with lower or comparable
input impedance will deteriorate the performance of DUT.
• Wide dynamic range. Since the signal range for different building
blocks may vary significantly in amplitude and power, therefore wide
dynamic range gives a freedom to measure the signals in many of the
possible scenarios.
• Stable RF-DC conversion gain with respect to frequency. This is
important because similar detectors will be employed to measure
different frequencies, for example the signal before and after the mixer.
• Mismatch with neighboring detectors. Since the measurement from at
least two detectors is required for most of the parametric tests, it is
necessary that individual RF-DC response is within accuracy limit. In
nano-meter CMOS technology the process variation and mismatch is
typically very large and this problem will further aggravate with CMOS
scaling. A novel technique is proposed in Paper9 to address this
problem.
The RF detectors reported in literature mainly fall in three categories as
shown in Figure 4.7. Not all of them do full-fill the listed requirements.
Moreover, the RF detectors should be integrable within the commercial digital
CMOS process without a need of extra processing steps.
The diode-based detector shown in Figure 4.7 a) is most frequently used
detector in high power microwave applications. Its operation is very simple; it
operates when the input voltage is higher than the diode threshold voltage,
causing the diode to conduct during the positive half-cycle and thus signal is
rectified. This rectified signal is smoothened out by a capacitor at the output.
The amount of ripple present in output DC voltage is proportional to the size of
the output capacitor.
This type of detector cannot detect the signal below the diode threshold
voltage. To overcome this problem zero bias Schottky diodes are used. Schottky
diodes are formed by the junction of metal and semiconductor. This structure is
completely void of monitory carriers that are present in traditional
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Figure 4.7: a) Single balanced diode detector b) Voltage divider
enhanced BJT detector c) Logarithmic detector

semiconductor diodes. Therefore, the operation at very high frequency is
possible [16]. The added advantage is the peak sensitivity around zero-bias,
which makes them excellent choice for low power signal detection. Although,
Schottky diode detectors are very simple and reliable but they cannot be easily
and effectively integrated on a CMOS chip. In CMOS process, the Schottky
diodes can be realized but its frequency range is limited due to large parasitics
[17] .
The RF detector based on BJT is shown in Figure 4.7 b). The basic advantage
of this circuit is increased dynamic range, improved detection accuracy and
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possibility of on-chip integration. This detector operates in linear region for
strong signals and in square-law region for weak input signals [18]. The output
voltage for a strong signal (linear region) and weak signal (square-law region)
can be expressed by (4.1) and (4.2), respectively. Where VT = 25.1mV and β is a
constant dependant upon transistor characteristics.

Vout = (1 − β )Vac + 0.5VT ln β
Vout =

(1 − β ) 2Vac2
4VT

(4.1)
(4.2)

The second term in (4.1) introduces a small voltage offset but the output DC
voltage increment is still proportional to the input RF voltage. This BJT based
power detector gives excellent range, temperature stability, and good detection
sensitivity for both large and small input signals [18].
The third category of logarithmic RF detectors is shown in Figure 4.7 c).
Typically, three to five amplifiers are cascaded and the output of each amplifier
passes through a diode and a lowpass filter. The resulting DC voltage is added
using summing circuit. This DC voltage is proportional to the input power on
dBm scale [19]. The log-detectors are typically used in radar applications. The
unavailability of good diodes in CMOS processes makes log-detectors difficult
to integrate on a chip without vital modifications in CMOS manufacturing.
In [20] a wideband CMOS RF detector is presented with dynamic range of
45dB and bandwidth of 6GHz. The detector consists of power detector unit,
successive approximation chopper modulator, and logarithmic amplifier. The
power detector unit makes use of the square-law characteristics of CMOS
transistor. The logarithmic amplifier consists of two subtractors, six limiting
amplifiers and seven rectifiers. The measurement error of this amplifier is ±2dB
for weak signals and ±1dB for strong signals. Although the simulation results
seem very plausible, no measurements are available to support the simulations.
A careful inspection of the schematics reveals that the area of this detector will
be significantly large. Therefore, it seems impractical to put many such detectors
on a chip for complete DfT circuit. In [20]−[25] BJT and CMOS based linear
and logarithmic detectors are discussed. All of them are suitable for on-chip
integration. In recent literature, only few detectors are reported with layout and
measurement results. Most of these detectors seem to have large area overhead
as they are ac-coupled with the RF nodes to be measured. The detectors reported
in [22][24][25] are simple and designed with small area overhead. The downside
is their low-sensitivity for small signal amplitudes.
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Figure 4.8: One possible scenario of on-Chip DfT circuitry with several
RF detector, Test DAC, and ADC

CMOS RF Voltage Detector for on-Chip Test (Paper8)
In Paper8, a CMOS RF detector implemented in 0.13µm CMOS process is
discussed. This detector has a high input impedance, low power, small area and
wide dynamic range. Due to the high input impedance, internal RF nodes can be
accessed without significantly degrading the chip performance. A single ended
and differential version of the same detector is shown in Figure 4.9. This
detector has a dynamic range of 40dB and differential input impedance >10kΩ.
The silicon area is only 30µm×45µm and static power consumption is 40µW.
Therefore, it is suitable for on-chip integration to form the DfT structure as
shown in Figure 4.8, where several RF detectors are used.
In Figure 4.9 a), the transistor M1 is biased in weak inversion. As its
characteristics are non-linear, the increase in capacitor charge is smaller during
negative half cycle then the decrease in the positive cycle. This charging and
discharging imbalance exists until Vgs and Vout reach a point where the charge
removed from capacitor C2 equals the charge replenished. This results in
reduction of output voltage, which is proportional to the input amplitude of the
RF signal. Further details can be found in Paper8.
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The RF to DC response of the on-chip detectors can differ significantly due to
process and supply voltage variations. In the worst case, the process variation
combined with supply voltage variation may be so large that the resulting errors
become unacceptable. Therefore, it is important to verify that all detectors are
operating within the specified tolerances. To achieve this goal a verification
procedure is proposed using DC or very low frequency signals. Further details
of this procedure and measurement results can be found in Paper8.
A DfT circuit implemented in 0.13µm CMOS which consist of Test
Attenuator (TA), RF switches, and RF detectors is shown in Figure 4.10. This
DfT circuitry can be used to estimate the voltage gain and linearity of the LNA
and to continuously monitor the signal strength during normal operation. It is
also possible to capture the filter response using the ordinary digital baseband
path.
A test attenuator (TA) and two RF voltage detectors are connected to the
input TA and output of the LNA as shown in Figure 4.10. The voltage detectors
operate in sub-threshold region for low power consumption and have very high
input impedance (8-10 KΩ at 2.4 GHz). The differential output of TA is accoupled to the LNA and filter through NMOS switches M1-M4. The size of all
transistors used as switches is 10µm/0.13µm. Measurements show that there is
no adverse loading effect when the circuit is in normal operation mode. In the
test mode, the loss of the NMOS switch is about 2dB at 1.8 GHz, which can be
compensated by reducing the attenuation level of TA. The detailed measurement
results and discussion can be found in Paper2.
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4.6 Variability in Nanometer CMOS Technologies
The impact of process variation (PV) on analog, RF, and digital circuits are
increasing with technology scaling. The process variation stems from
lithographic and non-lithographic sources. Despite advances in resolution
enhancement techniques, lithographic variations are big challenge in sub 90nm
technologies. At the same time due to aggressive process scaling, the nonlithographic sources of variations also play an important role. The main nonlithographic sources of variation are dopant dissimilarities, well-proximity
effects, layout dependent variations, and rapid thermal anneal (RTA) induced
variations [26][27].
The process variations have direct impact on the effective channel length, VT ,
and I DS -VGS characteristics. In [28] the process variations for 0.13µm SOI
CMOS technology are measured experimentally. Figure 4.11 shows the results
of this experiment. Approximately 8000 devices are used to estimate
VT distribution by measuring gate-to-source voltage fluctuations.
The electrical characteristics of a few sample devices are measured to
characterize the impact of VT fluctuation on the device performance. Two
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Figure 4.11: Measured histogram of threshold voltage fluctuation
and IDS-VGS curves for the three devices in the array with their
threshold voltages at -3σ, nominal and +3σ point

devices in the array are selected which showed threshold voltage shifts of +3σ
and -3σ respectively. Then their characteristics are compared to a device with
nominal threshold voltage of 300mV. We can see that there is 25% (60mV)
variations in the threshold voltage. These variations tend to be much worse in
65nm and 45nm technology nodes and may reach the physical limits in 35nm
and 16nm technology.
Joel Hartmann in his plenary talk at ISSCC 2007 stated [29] “In a 16nm
MOSFET, there are 53 silicon atoms and 3.5 Boron ions in the channel of the
transistor. At this level, purely random variations in the number of atoms in the
area are more or less independent of the accuracy of the lithography and etch
processes. This would result in variations in saturation drain current. No known
process, short of atom-by-atom construction of the channel with an atomic-force
probe, could prevent variations at this level. Similar arguments could be made
for the tiny number of atoms in the gate dielectric layer”.

On-chip Calibration of RF Detectors by DC Stimuli
and Artificial Neural Networks (Paper9)
The advantages of the on-chip test circuitry are undermined if the parameter
variations and mismatch go beyond the measurement accuracy requirements
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dictated by the nature and the type of test performed. In this case, it becomes
extremely necessary to calibrate the DfT structure.
The RF detectors, multiplexers, ADC, and DAC are the parts of on-chip DfT
setup as shown in Figure 4.8. The RF detector is the only pure analog element
and the key of this DfT circuitry, which can be used to locate a faulty sub-circuit
in conjunction with parametric tests like gain and 1dB compression point
measurement.
The RF detector simulated in 65nm CMOS technology reveals significant
differences in the output response for process variations and device mismatch.
To quantify the error, the circuit was simulated using 500 Monte Carlo runs with
3σ spread in the transistor parameter space. This results in 500 RF and DC
response curves similar to those in Figure 4.12b). The worst case percentage
variation at the output for different DC and RF input signal levels is plotted. For
low input magnitudes, the output variations are larger than 100% and they drop
to 9% for target input magnitudes (at 1.2V supply). Clearly, the detector must be
calibrated to perform any meaningful on-chip tests.
A straightforward approach to achieve this goal is to apply an RF stimulus to
each detector separately. The biggest hurdle in this case is the routing of GHz
RF signals. A large number of external test pins would be needed, and also the
linearity of RF switches might be a problem.
To overcome this hurdle, a new approach is proposed, which makes use of
DC- rather than RF stimuli for all the RF detectors present on a chip. Only one
detector (As shown in Figure 4.8) is characterized using both the DC- and RF
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stimuli. The RF path to this detector-A is naturally available from the LNA input
terminal. For rest of the detectors only DC measurements are performed as other
on-chip detectors cannot be accessed by a calibrated RF source.
Figure 4.12a) plots the DC output voltage versus the RF- and DC input
stimulus. The two measured RF-DC and DC-DC responses are correlated and
can be used for on-chip calibration provided a mapping of the DC response onto
the RF response is identified. We assume that other detectors (B-F) are subject
to the similar process variations and hence the same mapping applies as that of
detector-A. To identify the mapping between RF- and DC response feedforward artificial neural network (ANN) are used.
First, the mapping is identified or in other words, the ANN is trained. Then
the DC response from the other detectors (Detector B-F) is used as input to the
trained ANN to compute the respective RF response. The simulation experiment
shows that the percentage validation error is less than 3.2% compared to the
non-calibrated process variation error of more than 140%. Further detail of the
modeling procedure and measurement results can be found in Paper9.

4.7 Wideband Low Reflection Transmission Lines
Traditionally, the RF testing methodologies using external stimulus and
analyzers are widely used in industry. In production testing the same external
stimulus is employed using an ATE. The major strength of the modern ATE is
the immense DSP power available to analyze the captured and digitized signals.
When more analog/RF channels are needed to be tested with wide bandwidth,
the interface between the ATE and DUT becomes very critical. This is
particularly true for the new wideband transceiver designs both in research and
prototyping phase.
In modern CMOS technologies, the sizes of RF chips are shrinking with every
new generation giving rise to possibility of wideband transceiver design
covering the frequency band of 1-6GHz. These wideband transceivers entail
transmission lines with bandwidth of several GHz to carry the RF signals from
stimulus generator to DUT. These wideband transmission lines are difficult to
design especially due to difference in the feature size of on-board geometries
and on-chip geometries.
The classical RF probing technique used in µ-wave design is not feasible for
transceivers with a large number of RF pins. Moreover, for probing special PAD
structures are necessary resulting in a wastage of scarce and costly silicon area.
This makes even the prototype testing an expensive and time consuming task.
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The probing technique during volume production is simply not feasible due to
large setup time and large chip area.
We need simple, reliable and low cost testing methods applicable both during
the prototyping and production phase of transceiver chips. Design of wideband
transmission lines on a cheap PCB substrate like FR4 is one step ahead in this
direction. The design and implementation details are discussed in Paper10. The
basic concept is briefly described in the following section.

Wideband Low Reflection Transmission Lines for
Bare Chip on Multilayer PCB (Paper10)
Connecting high frequency signals from a PCB (printed circuit board) to an
integrated circuit often requires careful analysis and design of the chip package
and circuit board close to the package. Still, it may be very difficult to keep
good signal transmission over a wide frequency range. One way to simplify the
task is to utilize bare chip mounting, thus avoiding the analysis and design of a
package. However, because of a very small geometry of modern integrated
circuits as compared to the width of standard 50Ω PCB transmission lines, it is
very difficult to create wide-band connections to a chip with many high
speed I/O’s.
Quite often specialized technologies like ceramic boards are used for high
frequency ATEs and systems using bare chips. The obvious benefit is the
possibility to choose thin dielectrics with high dielectric constant and low
dielectric loss. Still it is highly desirable to use the widely available, low cost
standard PCB technology based on FR4 laminates. FR4 is, in fact, quite
sufficient for signal transmission up to at least 10GHz.

4.8 On-Chip DfT – Summary and Trends
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Figure 4.14: Microstrip step change in width and step change in substrate thickness
at same physical location cancel the effect of each other.

To solve this problem, we propose the use of narrow tracks close to chip and
wide tracks away from the chip. The narrow to wide transition in width results
in impedance discontinuity and to compensate this effect a step change in
substrate thickness is utilized thus achieving a reflection-free microstrip as
shown in Figure 4.13 and Figure 4.14. To verify the concept several microstrips
were designed on multilayer FR4 PCB without any additional manufacturing
steps. The TDR measurements reveal that impedance variation is less then 3Ω
for 50Ω microstrip when the width changes from 165µm to 940µm and the
substrate thickness changes from 100µm to 500µm. The S-parameter
measurement on the same microstrip shows S11 better then -9dB for the
frequency range 1-6GHz. Further details of the design methodology and
comparison between different variants of the microstrips are described in
Paper10.

4.8 On-Chip DfT – Summary and Trends
In production test, the main issue is to detect faulty chips rather than to carry
out the fault diagnosis. The current industrial practice to test analog/RF SoC is
to use limited BiST and loopback techniques combined with ATE. The BiST
techniques have a potential to play the major role in production testing in the
future. To enable the BiST or loopback, extra test blocks must be integrated on
chip.
In this chapter we have presented the design and implementation of the test
attenuator (TA), stimulus generator (SG), and RF detector which are the parts of
on-chip DfT circuitry. They are the key DfT components to enable BiST and
especially the loopback test. In measurements performance of RF detectors is
close to the simulation results, but the maximum attenuation level attained by
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TA is limited by isolation between different blocks on a CMOS chip. The onchip stimulus generation circuitry is used to test the gain, 1dB-CP, and blocking
profile of the front-end with the measurement error of ±8%, ±10%, and ±18%,
respectively. Keeping in mind that the value of spread in transistor parameters in
modern CMOS technologies is around 10%, the magnitudes of errors are
acceptable for screening out faulty dies in volume production.
The process variation and mismatch affect the DfT blocks in a similar way as
the rest of analog or RF circuitry. In order to compensate the impact of large
process variations on DfT circuitry, a new calibration scheme using DC on-chip
measurements supported by Artificial Neural Networks (ANN) as a statistical
regression method is developed. The simulation results show that the typical
calibration error is within 1% for most of the input voltage range. It is believed
that the method can be further expanded to other DfT elements including testADC and test-DAC. Presently, we are working to extend this concept to
calibrate the complete DfT chain ultimately including a stimulus generator, RF
detectors, test attenuator, and loopback switches on the same chip.
As a complement to those techniques, a method to design a low-reflection
transmission line is proposed using a step change in substrate thickness. This
low-reflection transmission line, verified on FR4, can play a pivotal role to
enable the wideband transceiver testing using external stimulus both on the lab
test bench and in production test.
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