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SUMMARY

This thesis presents methods for developing a multi-function, high-speed (multi-
GHz), and low-cost FPGA-based testing platform to replace the conventional automated
test equipment (ATE) which have been widely used for digital test in past three decades.
The development of semiconductor technology has outpaced advances in ATE testing
capabilities, and the cost of ATE becomes the major expense of the semiconductor industry.
These two major issues have caused significant problems for testing high-speed digital
devices. Therefore the motivation of this research is to develop a more efficient solution
and solve these issues.

The approach in this thesis is to utilize FPGAs as the general-purpose testing core
and develop several specific-purpose testing modules on the basis of FPGAs. The FPGA-
based arbitrary timing generator (ATG) module used the moderate-speed 1/Os (typically
400Mbps) from either ATE or other testing platforms to serialize a high-speed data signal
(3.2Gbps). This ATG board used the concepts of FPGA logics implementation, skew
management, and multiplexing to synthesize continuous timing on-the-fly signal. The
outstanding performance from this board has proven the primary idea of implementing the
next-generation testing platform by using FPGAs. However, this ATG board still requires
the control signals from ATE which does not qualify the goal of replacing ATEs.

In later sections we developed an independent FPGA-based testing platform
without the host of ATE. This platform provides a wide-band (DC to 10Gbps) testability,
multiple testing channels and compatibility of most current and future 1/0 standards. With
the re-configurability of FPGAs, FPGAs are able to be re-programmed to handle different
testing scenarios. The high-performance transceivers make FPGAs to have an even or
better performance compared to current ATE systems. On this platform, four plug-in slots

are reserved to provide power, normal I/Os and high-speed testing channels to custom-

XViii



designed extension boards. The on-board auxiliary communication interfaces and the
control unit implemented inside the FPGA allow this platform be directly controlled by
end-users and also to host plug-in boards. The power consumption of this platform
including FPGA device and auxiliary chips is very low, so that it only requires typical
power supplies and doesn’t need a sophisticated liquid-based cooling system which save
the total cost of equipment installment. These features have demonstrated the superiority
of this platform over the existing ATE systems.

In addition to the performance and energy efficiency, this FPGA-based testing
platform also allows plug-in boards to extend the testing functions which are not provided
by the FPGA. We have showed the pin electronic (PE) testing and bi-directional data
transmission (TX and RX) on a PE extension board. The board not only includes flexibility
in transmission but also provides low amplitude data detection and recovery. Another
Ultra-High-Speed plug-in module was developed to speed up the output data rate to
40Gbps, which allows this FPGA-based testing platform to keep the same pace with the
development of semiconductor industry. The relative easy-design extension boards have
increased extra competitive strength of this platform over other testing systems.

The advantages of the methods addressed in this thesis are significant. The high-
speed, low-cost, and energy saving FPGA-based testing platform combined with the
flexible extension modules will become the mainstream of digital testing and eventually
replace the existing ATE systems in the future. Therefore the contributions made in this
thesis have the potential to entirely change the way we have used to test digital devices in

the semiconductor industry.
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CHAPTER 1

INTRODUCTION

The objective of this research is to develop a high-performance and economical
platform to test high-speed digital devices at multi-GHz speed rates. Due to the
development of semiconductor process and the well-known prediction of Moore’s Law [1],
the complexity and performance of digital devices have had an exponential growth for the
recent 30 years. Therefore, testing high-performance digital systems is becoming a
challenging issue. Many solutions are provided to solve this problem. However, these
solutions are expensive, inefficient, and consumes a lot of power. In this research, we

present an efficient, low-cost and low-power approach to test high-speed digital systems.

1.1 Motivation

For the past three decades, ATEs have been generally applied to high-volume
digital testing. In the meantime, the performance of ATE has improved a lot and new
capabilities and features have been added to extend its applications. However, ATES’
performance still cannot keep up the speed of semiconductor development [2]. While the
commercial digital systems are running at 16Gbps (PCIE 4.0) [3] and 25 or 50Gbps digital
systems will soon appear [4] [5] in the market, most ATEs still remain at a relative low-
speed data rate (typically below 3.2Gbps) and become out-of-date for testing the most
cutting-edge designs. Furthermore, the high cost and the high power consumption are the
other concerning issues for traditional ATE systems. Although ATE is still a popular test
platform for digital devices today, the high price and power issue has increased the total
cost of high-speed testing. Most of ATESs also lack the flexibility of testing different digital
systems. If digital designers want to test other digital devices, very limited modules can be

selected on existing ATE systems to extend the testing functions. Therefore, developing a
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high-speed, adaptive and low-cost testing platform is urgent to replace these old ATEs and

provide a more efficient testing method for future digital devices.

1.2 Approaches

The main approach we adopted in this thesis is to use FPGAs as the testing core
and solves the issues we have mentioned in motivation section. FPGAs are adaptive, low-
cost, and configurable digital devices. Most digital-system designers use FPGAs to design
reliable embedded systems, implement digital logic, and verify new-developed algorithms.
Because of the development of semiconductor technology, the high-end FPGAs can
operate at ~800MHz [6], which enables the potential for FPGAs to be applied to the area
of high-speed digital testing. With the built-in high-performance serializer/deserializer
(SERDES) and transceiver components, FPGAs are able to transmit and receive multi-
Gbps signals [7]. Therefore, the performance of modern FPGAs can be used to test
commercial digital device or high-speed designs in the coming future. Furthermore, the re-
configurability makes FPFAs very flexible to fit in different testing scenarios.

In this thesis, a FPGA-based arbitrary timing generator is first introduced to prove
the idea of using FPGA on digital testing. This generator provides 3.2Gbps timing-on-the
fly testability as an extension module of ATEs, which not only extends the product life of
those out-of-date ATEs, but also provides new function that haven’t been developed on the
most advanced ATEs . Later a high-performance FPGA-based test platform is presented
for high-speed digital testing in order to replace the host ATE. The most cutting-edge
28nm-process FPGA from Xilinx Kintex-7 family is implemented as the main controller
and the test pattern generator, fabricating with impedance-controlled design PCB boards,
auxiliary communication ICs and high-bandwidth I/O connectors on an FPGA testing
board. Furthermore, specific-purpose testing modules can be designed and plug-in on the
main board, which extends this platform to different testing environments without re-

designing the entire system. Also, this platform requires very low power as compared to



ATE so that expensive cooling systems and power supplies are not required. Therefore the
FPGA-based testing platform is possible to replace the features of ATE and offering more

flexibility and adaptability with economical cost.

1.3 Thesis Organization

This thesis is organized as follows: In Chapter 2, a brief history of recent testing
methods including ATE systems and BIST is introduced, the pros and cons of these two
methods are also well-discussed in this section. The following part of Chapter 2 introduces
the development of modern FPGAs, and the features in FPGASs that are possible to be
utilized in digital testing. In Chapter 3, a FPGA-based extended ATG module for ATE is
presented to show the potential for using FPGAs to synthesize complex timing waveform.
Chapter 4 and Chapter 5 introduce an independent FPGA-based testing platform and its
high-performance extended modules. The experimental results of these two chapters are
convincing that our method is able to reach the performance and solve the issues we have.
In Chapter 6, we first briefly summarize the achievement of this thesis, and followed by
the limitations and future works of current designs, in the last part the contributions and

conclusion are addressed to conclude this thesis.



CHAPTER 2

BACKGROUND AND HISTORY

Hardware testing and evaluation continues to be a challenge for high-performance
digital devices. For the past 40 years, ATEs with multi-channel 1/Os have provided a stable
method for digital testing. However, as the data rate of modern digital systems goes up to
several Giga-bits per second (Gbps), the approach of generating high-speed testing patterns
becomes more complex and harder to be implemented. Although ATE in the meantime is
also progressing to achieve higher speeds, the exponentially high-upgrading cost and the
testability still present difficulties for testing the modern digital systems. Therefore, it is
needed to design a new testing architecture to replace the conventional ATE testers, and
apply this design to those high-performance digital systems in the current and future
market. In order to solve this issue, build-in self-test (BIST) is a common solution in current
silicon industry. However, this approach lacks the flexibility and increases the time of
developing new products. FPGAs are adaptive device and very flexible in re-configuration,
which are considered to be a very-potential candidate to be used for implementing a new
testing platform. In this chapter, a brief review of ATE history, BIST approach and its

capabilities along with FPGA development and characteristics are described.

2.1 Automatic Test Equipment

Traditional ATE is acommon and reliable approach to test different digital systems.
Most testing engineers have used ATE to do all kinds of testing purposes for the last few
decades. Nicholas DeWolf, the chief engineer at Semiconductor Manufacturer Transitron,
teamed with Alex d'Arbeloff in 1961 to found Teradyne in Boston, they built the D133
diode tester, one of the first commercial test systems to use semiconductors in place of

vacuum tubes. In 1966, DeWolff and Milt Collins designed the model J259 based on the



Digital Equipment Corporation PDP-8 mini-computer became the first computer-
controlled test system in the industry [8].

The first-generation ATE was very primitive compare to its modern successors.
Later in 1970s it started being developed to achieve more complex functions, ATE systems
with those modern testing capabilities were introduced to test radio frequency (RF), mix-
signal, optical and digital components. In the late 80s, the speed of digital components was
explosively increased due to advanced semiconductor technology [1]. Therefore the
manufacturers of ATE were seeking different approaches to increase the speed of their test
systems. Multiplexing was one of the approaches being introduced to achieve higher speed
at that time. Tektronix S-3295 and Megatest MegaOne used this concept to double the
output frequencies of their products [9]. However, these achievements still did not allow
ATESs keep the same pace with semiconductor development. These ATESs only operated at
low hundreds MHz speed but the very high-end digital devices were running much faster
than this speed. Furthermore, the timing resolution of ATE was only in the nanosecond
scale and this accuracy was way rough in many testing settings.

In the 1980s, a revolutionary approach was introduced into the industry and change
the existing architecture of ATE systems. Until now, most of ATE systems used a “shared
resource” architecture, which was very competitive and inexpensive when only a few
channels were implemented. However, if more testing channels are required by users, a lot
of switching and multiplexing circuits would be demanded to fulfill the sharing purpose.
The rising hardware requirement not only increased the complexity and the cost of ATE
system, but also made the testing calibration and programming procedure become
dramatically difficult. To solve the above issues, ATE manufacturers introduced “per-pin”
architecture to replace outdated “shared resource” architecture. Under this architecture,
each testing pin or channel included its own dedicated pin electronics resources such as
pattern generation, timing (phase) control and voltage-level or voltage swing. This feature

eliminated those complex switching circuits and phase-variation issues between channels,



and it was more efficient and easier to be used since each channel could be controlled
individually. The most brilliant part of this architecture was that users could initially keep
a relative low-cost base system and expand additional channels or functions as they are
required in future testing.

Hewlett Packard released the first “per-pin” architecture series HP83000-F660 in
early 90s. Despite the fact of the performance of those testers could not catch the speed of
devices, still a lot of new features were added or improved compared to old models. The
new designs included much larger amounts of memory, sophisticated test pattern
algorithms, elaborated parametric measurement units and relative low cost when adding
additional modules. However, those testers still consumed a lot of power and generated too
much heat. A very efficient liquid-cooling module was required and therefore raised the
total cost of installment and operating these ATE systems. Since a lot of new features were
added to ATEs, the price of ATE didn’t benefit from semiconductor development and drop
significantly. ATE per-pin cost for high-end system was still around $3000 -$10000, and
the typical 256-channel system cost from $1M to $5M.

The manufacturers started to introduce a new “open-architecture” test platform in
early 2000s [10]. In this architecture, testers could be fully customized from motherboard,
CPU, memory and other auxiliaries to build an application-specific system. Therefore
customers could purchase a basic system containing the function cards they needed
initially. Once a high-end testing was demanded, this system was allowed to add higher
performance or different testing purpose cards to extend testing ability [11]. Verigy (former
HP’s testing division) developed this kind of base system called V93000 SOC (the
replacement of outdated HP83000). Base on the basic system, customers could add various
function cards such as digital nano-electronics testing, high-speed digital testing and mix-
signal testing [12]. Although the open-architecture had saved a lot of cost for ATE systems,
the demand of higher performance, better accuracy, increasing memory requirement and

other advanced testing features had offset the cost it saved.



The latest development of ATE industry was protocol aware (PA) architecture [13].
The concept for PA-ATE arose as higher levels of integration allowed the manufacture of
diverse devices using technologies such as system on chip (SoC). Device manufacturers
with substantial intellectual property (IP) libraries could develop a system with diverse IP
blocks in a single process on a single die. In this method, each block could have different
signaling protocols and each protocol would require its own testing strategy, thus testing
the whole device on global level would be very inefficient. To solve this problem, PA-ATE
essentially emulated chip I/O at the protocol level. Programmable interfaces in PA-ATE
were used to perform real-time state detection to handshake with devices using its native
protocol. Test strategies were developed for each protocol, and once a communication link
to the device is established, testing would perform in a more efficient manner [14] [15].

The multi-channel I/O capability, multi-function extended boards and relative high-
speed output data rate make ATE still a powerful platform on digital testing today.
However the high cost and large power consumption makes it difficult to apply for all the
digital testing environments. Furthermore, although the speed of ATEs can go up to multi-
Gbps, digital devices have benefited more from modern semiconductor process and are
able to exceed this speed easily. Therefore a more efficient approach to digital testing is

needed to solve above issues from current ATES.

2.2 Built-in Self-test (BIST)

Test stimuli and response evaluation has traditionally been performed by an
external ATE system. As the digital devices have become more complex and access to
embedded components become more difficult, the current external ATE could not perform
comprehensive testing. To solve this problem, several approaches of design for testability
(DFT) were developed to compensate the limitations of ATE on those devices. The first
DFT method included building additional module into devices to enable external testing,

the most common approach of this style DFT is scan-based design which allows the access



and control of device components connected to internal registers through scan chains.
Another popular DFT method of modular testing was later developed to test similar module
in explosive-growing complex devices, this method had reduced the testing generation time
and improve the efficiency of the original DFT method. Among those DFT methods, the
most popular way is to design internal test modules onto the device itself as the technique
called of built-in self-test (BIST). This technique was first applied to test memory devices
in late 1980s [33]. Additional on-chip circuitry added on to the circuit-under-test that
generates test stimuli and evaluates responses to verify the function of the circuit.

BIST method is generally specified into two major types: online and offline. Online
BIST is designed to function when a device is in normal operation mode, in other words,
it is able to detect errors in real time. Offline BIST is designed to perform testing functions
when the device is not in normal operation mode, such as on power up procedure [34].
Both types of BIST require very similar architecture compare to the under-testing device.
The main components of the BIST are test pattern generators (TPGs) and output response
analyzers (ORAs). A BIST controller component controls the operation of TPG and access
outputs from ORA to determine the test results. These components are usually built by
using registers and finite state machines (FSM).

The complexity of BIST depends on the amount of test patterns required and the
number of circuit-under-test. BIST has been an efficient method of DFT for past 20 years
[35] [59] [60]. Miniaturization of transistor features has allowed additional circuitry to be
built into devices without much imposition on the devices performance. However, as
device complexity increased exponentially, employing regular BIST method has become a
challenging issue. Therefore in 1999, Credence Systems Corp. introduced the concept of
built-off self-test (BOST). In this DFT technique, additional self-test circuitry is added to
a device, but built off the device such as on the same load board. Typically a field-
programmable gate array (FPGA) is used to test the control circuitry and generate test

patterns. The BOST technique provides tremendous flexibility, as it removes physical



limitation of BIST. Furthermore, the use of those cutting-edge FPGAs can develop
elaborate and high-performance testing solution.

Although BOST seems to remove the most drawbacks of BIST approach on
complex circuits, the other existing issue is it still required full-customized circuit design
for a certain DUT. Therefore it makes this technique wastes a lot additional time through
traditional 1C design and manufacturing procedure, which increases the invisible testing
cost of the new devices and delays the schedule of new devices debut on the market. In
short, BIST/BOST is still not a very ideal testing method to be applied millions of under
test devices in this fast-growing industry, a more efficient and save-time method needs to

be implemented to IC design industry.

2.3 Field-programmable Gate Array Development

A field-programmable gate array (FPGA) is an integrated circuit designed to be
configured by a customer or a designer after manufacturing. The configuration of FPGASs
is generally specified by using a hardware description language (HDL) and it gives FPGA
flexibility to be programmed to various digital applications. Therefore utilizing FPGA
becomes a popular approach for digital designers to verify the primary concept and
implement circuit designs in a short time with low expense. The FPGAS’ appearance has
boosted the speed of announcing new digital products in IC design industry.

For fabless semiconductor industry, the mainstream products started from
transistor-level circuits to integrated circuits, then followed to application-specific
integrated circuit (ASIC), and finally came to programmable logic devices (PLD). PLDs
started developing from the leading semiconductor industries such as Motorola, Texas
Instruments, and IBM in the early 1970's. But it wasn’t until Xilinx brought us the first
FPGA in the late 1980's that PLDs crossed paths with the ASIC world [14] [15].

The appearance of FPGA technology not only cut millions dollars cost for

semiconductor manufacturing, but also dramatically reduced the time of delivering new



products to market. This was a revolutionary change in digital design, and therefore most
of the digital designers could implement and verify their ideas easily. Xilinx was founded
in 1984 [16], Ross Freeman and Bernard VVonderschmitt invented the first commercially
viable FPGA in 1985 — the XC2064. Seiko started manufacturing XC2064 for Xilinx in
1985 using a mature 1.2m process. The XC2064 had 64 configurable logic blocks (CLBs),
which with two 3-input lookup tables (LUTS) built in each and the operation frequency of
18MHz. XC2064 and its successors had lead Xilinx continued to be unchallengeable and
become the market leader of FPGA from 1985 to the mid-1990s.

The 1990s was an explosive period of time for FPGAs, both in sophistication and
the volume of production. After a decade of exploring possible markets, FPGAs found their
way into commercial embedded systems, automotive, and industrial applications. In the
decade of 2000s, the capacity of FPGA continued to grow and the functions of FPGA were
enhanced to be applied to more areas. Both leading companies: Xilinx and Altera have
announced the FPGA with more than 300,000 CLB with 800MHz operation speed in late
the 2000s [17] [18] [19]. Also more memory, digital signal processors and high-speed 1/Os
are built-in to provide FPGA more flexibility in various applications.

A recent trend for FPGA in early 2010s has been combining the logic blocks and
interconnects of traditional FPGAs with embedded microprocessors and peripheral
components to form a complete "system-on-a-programmable-chip” [20]. Examples of such
hybrid technologies can be found in the Xilinx Zynq™-7000 all-programmable SoC, which
includes a 1.0 GHz dual-core ARM Cortex-A9 MPCore processor embedded within the
FPGA's logic fabric [21]. Other examples under similar architecture is Altera Arria V
FPGA, Atmel FPSLIC [22] and Actel SmartFusion [23] have been delivering into the
market and applying in different areas. The high level of integration on this architecture
helps to reduce power consumption and dissipation, this change leads to a lower parts cost,
a smaller system, and higher reliability since most failures in modern electronics occur in

the connections between chips on PCBs instead of within the chips themselves.
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High-speed 1/O interface [6] [7] in FPGA is another spotlight on recent FPGA
development. By the concept of serializer/deserializer (SERDES) [24] [25], FPGA with
high-performance transceivers is able to transmit 10Gbps or higher speed data signal.
SERDES is the component that facilitates the transmission of parallel data between two
points over serial streams, reducing the number of data paths and thus the number of
connecting pins or wires required is cut. Therefore SERDES enables the movement of a
large amount of data point-to-point while reducing the complexity, cost, power, and board
space usage associated with having to implement wide parallel data buses. Most SERDES
devices are capable of full-duplex operation, meaning that data conversion can take place
in both directions simultaneously. SERDES are widely used in the market of Gigabit
Ethernet systems, wireless network routers, fiber optic communications systems,
commercial 1/O standards [25] and storage applications [24].

Many commercial high-speed 1/O standards such as USB3.0, DDR-3, PCIE and
SATA are running up to 10Gbps and different 1/O standards usually comes with different
encoding/decoding algorithms in data transition. The traditional testing cost is very high at
Gbps data rate, and different encoding/decoding methods also increase the complexity of
testing these standards on an individual ATE system. With the features of high-
performance SERDES and multi-channel ability, also low cost of manufacturing compared
to current ATE systems, FPGA transceivers can be designed in a high-speed test system
and be applied to high-end digital testing. Also, the re-configurability of FPGA makes it
very flexible to be programmed for different testing purposes [61] [62] [63] [67]. Therefore
using economical FPGA and its transceivers has become a popular approach to replace the
traditional testing platforms. Some of testing modules [62] [63] of ATE and other testing
platforms are design by FPGAs to benefit the advantages from FPGAs, but the critical
testing core is still dominated by ATEs. There should be a wider and deeper utilizing of

FPGA in the high-speed testing that has not been well-developed yet.
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CHAPTER 3

MULTI-GIGAHERTZ ARBITRARY TIMING GENERATOR

3.1 Introduction

For past two decades, digital-circuit designers have relied on software-based
simulation to verify logics and optimize the performance of their designs. Most simulation
software provides unlimited flexibility in defining signal waveforms, in other words,
designers can define any speed, edge and phase of the signals for their own testing purpose.
However, when these tests are applied to the real world, for instance, device-under-test
(DUT) hardware testing by using ATEs or other pattern/signal generators, the hardware
imposes a lot of limitations on actual signals [57].

Most of hardware-based digital testing today is dominated by ATE systems [26].
These machines provide high-speed (up to several Gbps), multi-channel ability and very
limited edge configurability (phase adjustment). Modern ATE systems are implemented
by the concept of multiplexing and double-data-rate (DDR) to achieve higher data rates
than the master clock rate. However, the limitation is that the resulting high-speed serial
pattern sequences are generally produced at a fixed frequency within a continuous test
sequence and are hard to be changed to other frequencies [27]. This constraint still cannot
be avoid at or near the maximum speeds of the most ATE nowadays.

At moderate speeds (lower than 1Gbps), ATE may be able to synthesize limited
“timing-on-the-fly” behavior [28] [52]. The period of the test signal is usually an integer
multiple of the ATE master clock. Therefore true timing-on-the-fly capabilities are very
limited, with many timing constraints above the moderate (lower than 1Gbps) frequency
limits. ATEs are also limited by using simple look-up tables of timing values to implement
the desired delays [50] [51]. The re-loading of timing values is often accompanied by extra

“dead cycles” wherein the test signal logic states are temporarily held fixed for some
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number of ATE master-clock cycles [53] [54]. Therefore, a multi-gigaherz Arbitrary
Timing Generator (ATG) is presented in following chapter, which is able to synthesize

timing-on-the-fly at 3.2Gbps with 10ps phase-shift resolution.

3.2 ATG System Overview

The ATG is designed using a Xilinx Spartan-6 FPGA as a central control unit
combined with high-speed logic (HSL) that produces the real-time delays and handles the
formatting serialization of multi-GHz signals, and the interface to host ATE. The top-level

architecture of the entire system is shown in Figure 3.1.

Contbol____— — — =~ = T T Ta o [
D A Data ATG 1
Data (decoded) 1
ZUOI 400MWps I
MWps I
| | I
I ATG
User z Dutput
control 3 FPGA High |1
Ly Spartan-6 . |
= Logic I
|
| | I
T |
1 |
| TTHITI I
as I8-Phase Clocks
CL
ZUUMKli-I : A400MHz X8
oot Clock Distribution :

a00MH: | ————————————

Figure 3.1: ATG block diagram.
The algorithm that generates the control signals for HSL was implemented inside
the FPGA. With the deep-pipelined and high-volume parallel calculations inside the
algorithm, the FPGA is able to control the HSL to synthesize Gbps signals. The clock
distribution, which is built by high-bandwidth fanout and delay chips, will take a reference

clock from the ATE host and distribute the reference clock evenly into 8-phase clocks for
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high-speed logic. The “high-speed” (HS) section is composed of high performance and
low-jitter components which are used to generate the arbitrary waveform. The FPGA takes
the pointers from ATE (200 Mega Words/s) and operate a complex parallel calculations
(200MHz) then output required control signals (double date rate to 400Mbps) for the logics
(flip-flops, delay logics and XORs) in HS section. In the final stage, the HS section takes
those signals and 8-phase clock (400MHz) to synthesize the final arbitrary waveform. The
target spec and capability of the ATG is shown in Table 3.1:

Table 3.1: Specification of ATG

Data rate DC to 3.2Gbps (normal mode, w/ full function)

6.4Gbps (burst mode, w/ limited function)

10Gbps (burst, mux mode, w/ limited function)

Min. pulse width | < 100ps

Timing accuracy | ~10ps

Jitter ~30ps peak to peak

Voltage swing 450mV single-ended (peak to peak)

Data pattern Pseudo random binary sequence (PRBS), clocked pattern, user-
defined

PRBS support 7,15, 23,31

3.3 ATG Hardware Design

3.3.1 High-speed Logics and Clock Distribution

The key components of HSL are edge generators, high performance flip-flops and
serializing XOR logics. Edge generator is basically form by a skew-management
component, with programmable control ports, the components is able to perform phase

shift at output side. The component used in this design is Micrel SY89296U programmable
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delay-line chip [36]. This component is able to perform 10ps to 9.2ns delay with 10ps

resolution, and the minimum propagation delay is about 3.2ns, the schematic of this delay

component is shown in Figure 3.2. The /EN control is used to enable/disable the input of

the chip. Latch enable (LEN) is utilized to sample the programmable 10-bits wide digital

delay bus D [9:0]. To either pass a specific gate delay (GD) value or bypass that GD is

determined by each delay bit. With programing D [9:0] and the latch enable (LEN) signal,

the precise delayed signal associates with the delay-control bits will occur at output.
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Figure 3.2: Block diagram of the delay chip

The timing chart of this delay chip is shown in Figure 3.3. LEN signal initially stays

at high level to avoid programming. After the target programming edge arrives and all 8

delay control signals remain stable, the input LEN will be de-asserted to allow the delay

value (D [9:0]) programmed to the chip. The LEN requires to be held for at least 0.5ns for

programing process, then it is asserted back to high level after the programing is completed,



and keeps staying high until next programming edge and delay controls arrive. The output
edge is delayed by propagation delay value (~3.2ns) plus target delayed value compared to
input edge. The whole process requires precise cycle and phase control on the delay signals

and LENSs, all these control signals are calculated and generated in FPGA.
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Figure 3.3: Timing chart of the delay chip

The fine tuning control port in this delay chip that allows users to adjust the
propagation delay is very critical to improve the accuracy and synchronize different delay
components [55] [56]. Since there exists process variation among the chips, and also the
voltage and temperature issue (PVT), the propagation delay is not identical for different
chips. The propagation delay play the role as reference “0” delay for the waveform. In fact
the delay chip delays the input about 3.2ns even the delay value is programmed to all Os.
However if every delay chip delays the same amount, then we can consider the whole
waveform delays 3.2ns and see this delay as relative “0”. Therefore if the propagation delay
is not identical among those chips, then delay chips are not able to generate edges base on

the same reference. The generated edges will be serialized to format final waveform, if the
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reference “0” is not identified, then the edges of waveform might be off even correct delay
values are programmed. The adjustment range of this propagation delay is 50ps, the
propagation delay vs. control voltage is shown in Figure 3.4.
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Figure 3.4: Adjustment range of fine-tune delay control of the delay chip
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Figure 3.5: Delay-linearity verification of the delay chip
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The delay-value linearity verification of the delay chip is shown in Figure 3.5. We
compare the actual delay time with the delay time claimed in the datasheet of SY89296U.
The measurement start from 10ps delay (control code = ‘0000000001”) and end at 1150ps
(control code = ‘0001111111”) which covers the delay range we will use in ATG system.
The result of this experiment shows an excellent delay linearity in this device.

The high-performance flip-flop (FF) of On Semi NBG53 [37] is used to synthesize
the pattern data with reference clock. The basic concept is to use the rising edge of delayed
clock from delay chip to sample the input data to generate a delayed version of data signal.
The timing chart is shown in Figure 3.6. Notice that the setup time needs to be larger than
30ps to ensure the sampling process functions correctly, and the propagation delay (data
input to output) is about 210ps. This FF chip supports up to 10GHz sampling clock which

ensures enough bandwidth in our application (400MHz).
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Figure 3.6: Timing chart of high-speed flip-flop

The last critical component of HSL is XOR logics. Exclusive-OR is a popular
method to implement serialization. In ATG system, eight moderate-speed (typically
400Mbps) channels will be serialized to a high-speed (3.2Gbps) channel. In order to
implement this precise work, a SiGe XOR (HMC745) [38] component from Analog Device
is selected. HMC745 is able to carry up to 13Gbps signal with sharp rise/fall time (~20ps)
and 0.2ps RMS random jitter (RJ). Since this XOR is the final stage of the high-speed

logics, the rise/fall time of this chip affects the full transition of the final waveform. Also
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three stages of serialization is required for serializing total eight channels, the random jitter
is accumulated as the signal passing through stages. Therefore a sharp rise/fall time and
low RJ device is required to ensure signal quality for Gbps data transition.

Clock distributor not only fanout the reference clock to 8 identical copies for 8 edge
generators, but also spans 8-channel clocks to evenly-spaced phases of 2.5ns cycle. In the
very beginning, a clock fanout structure is used to deliver the reference clock to 8 identical
clocks. The fanout chip NB7L14M with 10GHz bandwidth and <0.5ps RMS jitter is used
to minimized the jitter on those 8 clocks. Since this low-jitter component is only capable
to fanout 4 channels, a two-stage structure of 3 total chips is required to achieve 8-channel
fanout. 8 clocks then are delivered to phase skew module which is also built by SY89296U
delay chips to generate 8-phase clocks. Each delay component will keep a fixed delay value
and each of delay chip delays 312.5ps (2.5ns of 400MHz period divided by 8) more than
previous one. The timing relationship of the reference clock and 8 delayed clocks form

clock distributor is shown in Figures 3.7.
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Figure 3.7: Timing relationship of reference clock and 8-phase clocks
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3.3.2 FPGA evaluation

The FPGA core plays the role of interface of ATE and extension board, and
generating the precise controls signals for HS logics to serialize final waveform. Therefore
the selected FPGA must provide the capabilities to perform these two critical
characteristics. The four common criteria used to evaluate the appropriate FPGA is:

1. 1/O compatibility

2. FPGA performance

3. Logic capacity

4. 1/0 counts, physical size, price and power consumption

The 10 compatibility between ATE, FPGA and HS logics is the most critical
criteria in this ATG application. The ATG extension module is not designed for specific
ATE or specific testing systems, therefore the FPGA should be able to provide the
flexibility of supporting most available I/O standards in the market. Also the HS logics
transmit and receive differential high-speed signals and accept single-ended control signals,
the selected FPGA should also be compatible to these 1/0 standards as well.

The performance of FPGA dictates the maximum speed of this module. While all
the high-speed components are able to running at multi-GHz, the FPGA throughput is
actually the bottleneck of this ATG system. A higher-performance FPGA is always
preferred, however higher performance usually comes with the issues of higher price and
power consumption issue which we always want to avoid for a low-cost system.

The algorithm of this ATG requires a heavy-loading parallel calculations, also the
data generation/control logics, registers and memories are all implemented inside the
FPGA. While selecting a FPGA to accommodate all these necessary logics to perform
desired function, the logic capacity is another critical issue of consideration.

The last criteria is mutually associate to previous three. With higher performance
and higher capacity, the price and power consumption defiantly increases. A better 1/O

compatibility and larger capacity come with lager physical size and 1/O numbers. As we
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mention before, flexible 1/0O compatibility and higher performance are always having the
highest priority. In the meantime we need enough capacity and I/O channels of implement
the logics and furthermore we don’t want large power consumption and high price. Thus a
balance strategy need to be performed here to match all necessary requirements.

Spartan-6 family is a high cost-performance ratio FPGA series introduced by Xilinx,
this series is built by 45nm process with three speed grade (-1, -2, and -3) [39]. The exact
FPGA model we selected is XC6SLX45-3 which provide maximum speed (~600MHz,
register to register) in Spartan-6 family. The first criteria of deciding this FPGA is 1/O
compatibility. This device supports most available differential and single-ended 1/0
standards in the industry, which is detailed in Table 3.2 [40]. The wide 1/O support of
FPGA is compatible with both ATE platform and high-speed components on the board. In
this research, single-ended SSTL2.5 Class Il standard is mainly used to receive ATE
outputs and control high-speed devices.

Table 3.2: Spartan-6 Supported 1/O standards

Single-Ended Standard Differential Standard
LVTTL LVDS (2.5 and 3.3V)
LVCMOS (3.3V, 2.5V, 1.8V, 15V and | BLVDS (2.5V)
1.2v) Mini LVDS (2.5V and 3.3V)
PCI (33 and 66 MHz) RSDS (2.5V and 3.3V)
Serial bus (12C, SMBus) PPDS (2.5V and 3.3V)
SDIO LVPECL (2.5V and 3.3V)
DDR DIFF. DDR
HSTL 1.5V and 1.8V (Class I, Il and Il1l) | DIFF. HSTL 1.5V and 1.8V (Class I, Il and
1)
SSTL 1.5V, 1.8V, 2.5V and 3.3V (Class | | DIFF. SSTL 1.5V, 1.8V, 2.5V and 3.3V
and I1) (Class I and I1)
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The 1/0 performance of Spartan-6 qualifies ATG target (to serialize multiple
hundred-Mbps signals to a Gbps signal) and also match the output frequency of typical
ATE system (660MHz in HP83000-660i). This FPGA also provides up to 43K logic cells
(each logic cell is form by a 6-input look up table) for digital design and up to 2Mb block
memory for data storage. To estimate the logic cells needed in the ATG algorithm, the
place and route implementation was simulated under Xilinx ISE Design Suite software [41].
The result of simulation shows 60% usage of total FPGA resource to implement ATG
algorithm. Furthermore, this FPGA supports up to 316 moderate-speed I/Os [39]. Consider
the ATE pointers (6*8 = 48 bits), delay chip control signals (10*8 = 80 bits), input data
pattern (16 bits) and output data pattern (8 bits), total ~150 I/Os are used for ATE and HS
connections. Therefore 1/0 resource is still plenty for this ATG. From all aspects, Spartan-
6 matches all the spec criteria in the ATG. Also consider the economical price of $80 and
the low power consumption of 5W, this FPGA should perform the best cost-performance

ratio to implement this ATG board.

3.3.3 Skew management

The control signals of the components used in HS section require a high-resolution
timing management. The timing charts of high-speed logics from Chapter 3.3.1 have
proved that a bad skew management for those control signals might fail the operations of
those components. An easy way to control the phase difference is to adjust the length of
the transmission path on PCB to match the timing requirement. However, this is not a
reliable method as it might be affected by the PCB manufacturing variation and material
selection, and furthermore a minor adjustment might be needed so the controllability of the
trace length is needed. In this ATG system, the skew management inside FPGA is
introduced to solve this issue. Figure 3.8 shows the block diagram of built-in delay line of
the FPGA programmable 1/0 components [40]. An 8-bit delay value allows delays from 0

to 255 taps to be achieved in this component. The three LSBs of this value control the
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starting point of a ring oscillator. The oscillator is triggered by the arrival of an input signal,
and its output clocks a 5-bit counter from 0 to 7 tap delays later. The 5-bit counter is preset
by the five MSBs of the delay line value, and loops from 0 to 31 times before its output
toggles to the value originally input to the block. With this approach, delay resolution of

one tap over the full 255 tap operating range is achieved.
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Figure 3.8: 1/0O delay block diagram in Spartan-6 FPGA [40]

This delay line has two major limitations. First, it can only be used to delay signals
by a maximum of one bit period (2.5ns in ATG application), because bit errors might occur
beyond this limit. Second, processing of an edge must be complete before another edge
arrives. This can occur when received high-speed data streams having noticeable jitter. The
first limitation is avoided by always keeping the delay less than the incoming bit period.
Typically, the delay is set to 0.5 Ul (1.25ns) to enable data sampling to be centered in the
middle of the eye. In ATG, by controlling the trace length in advance, this constraint is not
an issue since only fine adjustment (less than 500ps) should be needed. The second
limitation is also avoided. Since each block actually contains two delay lines as shown in
Figure 3.8, one delay line delays positive input transitions, and the other delay line delays
negative input transitions. When adjusting delay values, both blocks change together to

ensure positive and negative changes are delayed equally. The global clock running inside
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FPGA is 200MHz, each delay step tap should perform ~20ps delay (5000ps/256 = 19.5ps).

The actual delay performance is measured and shown in Figure 3.9 to Figure 3.11.
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Figure 3.10: 20 Taps delay to create 400ps delay

24



<5 File Cortral setup  Measure  Calbrate  Utilities  Help 04 Mow 2011 18:18 _|
Oscilloscope Mode

ime: =

—

Amplitude B

zal

Feriod v,

100 ' dive 2000 e div A0.0 msdiv 100 nidAdive Timne:200.0 psddiv © Trig: Hormal ~ Patiem
Yisaomy | 2)iseamy B.0 mv Hoov Delay:2 02362 s | 1Bmv | o Lock

Figure 3.11: 40 Taps delay to create 1000ps delay

3.3.4 PCB Design and Stack up

The ATG board is built of an 8-layer PCB including 2 outer Rogers-4350 [42]
layers and 5 inner FR4 layers, the target thickness is the common 62.5miles standard. The
stack up of the PE board is shown in Figure 3.12. The thickness of 1 OZ Cu is about 1.35
mils, the outer signal layers are 4 mils and the inner signal/power layers are 8 or 10mils
(adjusted to match total 62.5miles thickness). The top and bottom layer (Signall and
Signal2) are high-speed signal layers since these two layer are built of low-loss Rogers
material, the high-speed traces should be routed on these two layers to avoid signal loss.
The transmission line on both two layer is Microstrip line [43], the high-speed traces are
designed to be 8 mils [45] width based on the stack up and dielectric of the material to
match 50 Ohms impedance to reduce the reflection and distortion. The signals on Innerl

are Stripeline [44] and are also routed to 8 miles width [45], the low-speed control traces
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(analog pins, DC 1/0Os and SPI interface) are realized on this layer. The two power layers

are both splitter power layers, multiple power planes are realized in each layer.

[ 1.35 Signall
4.0 Rogers-4350
1.35 GND1
10.0 FR4
1.35 Inner 1
10.0 FR4
~62.5mils| [1.35 GND2
10z Cu 8.0 FR4
All layers | 135 Powerl
8.0 FR4
1.35 Power2
8.0 FR4
1.35 GND3
4.0 Rogers-4350
| 135 Signal2

Figure 3.12: The stack up of 8-layer ATG board.

3.3.5 ATG System-level Design

The basic concept of ATG board is to use FPGA control core combines with
outside-independent HS logics to produce the real-time delays and process the formatting
and serialization of the multi-GHz signals [28]. Although FPGA itself is very powerful,
there are several reasons we can’t implement high-speed logics inside the FPGA [9] [10].
First of all, FPGA logic only runs at mid-hundred MHz, this speed is not able to build
multiple-Gbps output. The other more critical reason is this “timing-on-the-fly” generator
requires very precise timing control (~10ps), the resolution of the logic components inside
FPGA is not enough (around 20ps which was illustrated in skew management section) for

this purpose. Furthermore, we need to limit total jitter (that would otherwise be added by
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the FPGA) to reach multi-GHz speed. Those high-speed components in separated HS
section either provide enough bandwidth and resolution or minimize the total jitter of the
timing-critical signals (clocks, in particular). Therefore, a more reasonable and achievable
approach is to implement the complex ATG algorithm and heavy-load calculations within
the FPGA, and use the calculated results from the algorithm to control those high-speed
components outside the FPGA to generate the final waveform.

Since the detail ATG algorithm will be well-discussed in the next section, we will
just briefly mention the big picture of the algorithm and focus more on ATG HSL operation
here. First of all, a small digital control-word (fetch from the ATE system) signal is sent to
the FPGA. Secondly, 16-bit of parallel “pattern data”, and a compact “Timing Pointer”
binary code is applied to the parallel data bus. This code is presented to the FPGA at rates
up to 200 MegaWords/s (i.e. every 5ns). The “Timing Pointer” data is a compressed code
that is used within the FPGA to address detailed timing values previously stored in
memory. The detailed timing values are interpreted by the pipelined computation within
the FPGA in order to calculate 16 sets of edge-generator timings (for all 8 edge generators)
every 5ns. These 16 sets are interleaved within the FPGA using the DDR approach near
the end of the pipeline, to produce data for all 8 generators every 2.5ns (400MWps). Each
edge generator of HS logics gets 8-bit of binary delay information every 2.5ns. This is
used to define the “fine” delay timing for the 8 edges that ultimately are used to produce
the waveform timing for that 2.5ns period. The clock distributor generates eight delayed-
reference clocks space at 312.5ps increments (Ops, 312.5ps, 625ps....2.1875ns), as Clk
Phasel to Clk Phase8 in Figure 3.13. The fine edge-generators take these delay reference
clocks (Clk1 to CIk8) and produce 400MHz clocks with the desired phase-delay for each
edge. The phases are updated every 2.5ns for each of the 8 generators. However, before
the timing edges are combined (eventually by the XOR tree), the 8 timing edges are
synthesized with decoded pattern data (decoding is done within the FPGA as part of the

pipelined processing in order to account for the logic present in the XOR tree). Combining
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the decoded pattern and timing data happens for each of the 8 edge generators in a single
high-performance flip-flop (“FF1~8” in Figure 3.13), using the delayed version of a low-
jitter 400MHz clock. The outputs of the 8 flip flops are later sent to an 8-input XOR tree
where the logic transitions are effectively interleaved. This interleaving retains the edge-
timing relationships of the 8 inputs without re-clocking. The low-jitter XOR logic decodes
the encoded pattern data from total 8 FFs to produce the final output which is the desired

multi-GHz serialized and formatted signal.

Clk Phase 1 t EG 1 | D Delayed

- Data 1
Fine-Delay Data 1 j‘ FF 1 400 Mbps

Pattern Data1LD___ @

Clk Phase 2 EG?2 I D Detayed
Fine-DelayData 2 4 FF 2 Data 2

o 400 Mbps |
PatternData2' LD Q@

Clk Phase 3 t EG 3 I . D Delayed

. Data 3
Fine-Delay Data 3 4 FF 3 400 Mbps

Pattern Data 3' |2 Q

Clk Phase 4 t EG 4 I D Delayed
Data 4
Fine-DelayData 4 4 FF 4 400 Mbps
Timing & Pattern Fattern Data 4 | D Q 8
Data -
By 0 ey ol Bl s
400 MWps Fine-DelayData 5 4 FF 5 400 Mbps XOR Output
Pattern Data 5 |2 Q " 3.2 Gbps
Data 6
Fine-Delay Data &6 4 FF 5 400 Mbps
Pattern Data 6 | 2 Q v
Clk Phase 7 EG ? D Delayed
Fine-DelayData 7 4 FF7 4'00';:':h?|&=
Pattern Data 7' | D Q *
Clk Phase 8 EG 8 D Delayad
Data 8
Fing-Delay Data & # FF 8 | 400 mbps

Pattern Data 8 |0 Q

8-Phase Reference Clocks (400MHz x8) From Clock Distribution
Figure 3.13: Internal features of the High-Speed Logic block.

The detailed (single-channel) ATG edge generator logic diagram is shown in Figure

3.14. One of the 8-phase reference clock (non-modulated with 50% duty cycle) is

modulated by the fine delay value, afterward the delay-modulated signal is used as the

CLOCK input to a high-speed register element (flip flop — “FF”). This delayed-modulated
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clock is used to sample the input data of the FF. By using another digital serial bit stream
(Pattern Data) from FPGA for the DATA input (D) to the flip flop, a delay-modulated serial

data signal is produced on the flip flop output (Q).

Non-Modulated Delayed/Modulated Delayed/Modulated
Ref. Clock Signal Clock Signal, Data Signal,
RZ, 50% Duty cycle Modulated RZ Modulated NRZ
8-phase Ref. clock
*D Delay >
Delay-Modulation
Control words / ' FF 1
/7 bits

Latch Enable(LE) — D Q &
Pattern Data(PD)

Figure 3.14: ATG Edge generator and flip-flop. Using a modulated clock signal to produce
a modulated-NRZ data signal with timing-edge adjustability on a cycle-by-cycle basis.

The internal signal timing relationships within the ATG HS section are shown in
Figure 3.15. This figure is helpful to get a better understanding of how the ATG creates the
arbitrary multi-GHz signals. In part (A) of the figure, the timing of the 8 delayed-reference
clocks are shown, at evenly-spaced 312.5ps increments, spanning one cycle at 400MHz
(2.5ns). These are the 8 clocks that feed into the “Fine-Delay” edge generators shown in
Figure 3.13. Each rising edge of these clocks represents one of the edge happening in final
waveform. If we program equal “fine” delays for all 8 edges, then the entire output signal
will be shifted by the amount illustrated as “skew” in part (B). This ability is generally
needed in order to “deskew” each DUT I/O signal relative to the others (i.e. deskew
multiple ATG outputs) or to introduce the desired phase relationships, and to realize
modulated jitter injection. This “static” deskew ability is generally available on some high-
end ATE today. However, we want to have more flexibility to create nearly unlimited
timing waveforms where each edge delay can be independently adjusted, as illustrated in
part (C) of the figure. We call this “dynamic” or “on-the-fly” skew of each edge. Part (D)

and (E) shows the final output result of all signals from 8 phase generators XOR together.
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The resulting ATG output signal would look like that shown in part (D) if a simple clocked
data pattern (01010101) was programmed. The more important function is , we also allow
any arbitrary pattern data or pseudo random binary sequence (PRBS) data to be
programmed, so the resulting waveforms can be as shown in part (E) which represents the
familiar data “eye” patterns. Keep in mind that each edge is programmed to within a 10ps
resolution, and may be reprogrammed “on-the-fly” in any or all subsequent 2.5ns time
periods. Therefore conclude all of above operations, we can construct a nearly-endless,
unlimited sequence of these 2.5ns waveforms, the detail demonstration will be shown in
the experimental results section later.
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Figure 3.15: ATG timing relationships.

An example timing diagram of edge generator illustrate the relationship of the
reference clock, controlled latch enable signal and pattern data is shown in Figure 3.16.

Note that the resulting output bit stream is in a delayed-non-return-to-zero (DNRZ) format,
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which is needed for the exclusive-OR multiplexing strategy that interleaves the 8 edges.
This hardware design provides a potential solution of generating the desiring flexible
waveform. However, the success of this ATG hardware requires very accurate control
signals (fine delay value, latch enable and pattern data) for the HS section. These signals
are generated by a real-time, high-throughput and reliable algorithm implemented inside

the FPGA controller which will be discussed in the next section.

' CLKiEdge(i) |  CLKEdge(i+1)!  CLKEdge(i+2) ! '
Input 400MHz
Ref Clock (RZ)
Delay-Control - - -
Words(7bits, NRZ) X__ Delay(i X Delay(i+1} X Delay(i+2) X

Latch Enable
“0” for loading
Delay Words

Delayed Delayed Delayed
400MHz Delayed CLK Edge(i) Clock Edge(i+1) Clock Edgé(i+2)

Clock (RZ) i r

Pattern Data

Input (NRZ) X Pattern Datal(i) X Pattern Data(i+1) X Pattern Data(i+2) X
Output Waveform - " "
(Serial Data “Eyes” X Qutput(i) X Qutput(i+1) X Output(i+2)

Figure 3.16: Example timing relationships in the extended ATG structure with pattern data.

3.4 FPGA Controller Design (ATG algorithm implementation)

Despite the implementation the hardware design, the more critical factor to make
the system fully function is to generate the proper control signals of HS section in an

appropriate sequence and at correct timing. Both value and arrival time of these control
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signals in the HS section decides the success of the whole system. The detailed timing
values are calculated using a combination of static memory (lookup tables) that store timing
parametric values, and arithmetic logics decoded within the FPGA. The use of real-time
algorithmic calculation provides the system nearly unlimited possibilities (with minimum
constraints) for defining the desired timing signals. By the powerful arithmetic unit inside
FPGA, it also reduces the number of external signals needed for controlling the ATG. Due
to the heavy-loading parallel calculation requirement of the algorithm and the speed
requirement of HS logics, the algorithm is accomplished by using a deeply-pipelined logic
structure in order to match both FPGA operating frequency and HS section input data rate.

The algorithm implemented within FPGA (Figure 3.17) must process both the
pattern data and the timing pointer data at 200MHz in order to generate control signals at
400MWps rate so that the HS section receives new control values every 2.5ns (for all 8
edge generators and the 8 flip-flops) from the output results of FPGA. The output timing
values (Delayl~8) define the relative time that the edges will happen in the HS section
with the resolution of 10ps. The decode process of timing value is done by edge decoder
(upper part of Figure 3.17). The pattern decoder (lower part of Figure 3.17) decides the
pattern of the data, which is “0” or “1”. These output pattern (Pattern_out [1:8]) is actually
defining rising or falling for the edges generated by edge generators. Furthermore, by
implementation of pseudo random algorithm within FPGA, the system can easily generate
PRBS data with different lengths (the demonstration in the experiment and result section
shows the example of PRBS-31 pattern). The reference clock is distributed to FPGA banks
by a global clock buffer at the center of the FPGA. This global buffer is very critical to
synchronize the edge decoder, pattern decoder and the pipeline stages inside those decoder.
It is unavoidable to introduce pipeline structure to this process, and more registers located
in different banks within FPGA are used under this architecture. Therefore it causes

unknown skew as the reference clock distributed to different banks of FPGA. The
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implementation of global clock buffer will reduce the skew difference of the reference

clock fanout to help synchronization.

Edge/Pattern Decoder - 200MHz/200Mbps Output 1I/0
:  400Mbps

Stall

Delay1 ::

Assigning DDR & . g
and — SWSTIE 1/0 Skew CEDEFIN

VeV e W W K-

200MHz ref. clock

Clock Buffer

Pattern

Sorting
Pattern_in[0:15]

ATG Algorithm Design

Figure 3.17: Top level of ATG algorithm in FPGA. The upper part is Edge decoder, and
the lower part is Pattern decoder.

3.4.1 Edge decoder

Edge decoder decodes the timing information for edge generators in HS section,
the edge decoder is divided into five major parts. In the first part, the input pointers fetch
timing information stored in memory every 5ns (200MHz). This information is composed
of one period and two edge information, as Figure 3.18 shows. Each memory unit stores a
69-bit wide word so that each period or edge information contains 23 bits. This 23-bit
length word including 20 integer bits and 3 fractional bits, the least significant bit (LSB)
of integer part is 10ps, therefore this format is able to represent timing from 1.25ps (LSB
of fractional part) to 20ms. This format allows the algorithm to generate both wide band

and high-resolution control signals for the HS section. The use of memory sets also helps
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to reduce the signal wires in the system. If the memory is not implemented, around 552 (69
bits, 8 sets) wires are required to achieve the similar function. The other advantage of using
memory to store these information is the flexibility. If digital designers require changing
timing information, or in other word, to form different waveform for different testing
scenarios, only a simple re-configuration to the timing value stored in memory is needed.
So far the FPGA just simply fetch timing information out of memory, the main algorithm

of the following four parts in edge decoder will be detailed in the rest of this section.

Edgel
€ m e m e -
SR Edge2 | .
< Period g

Figure 3.18: Timing-value format in memory. Each memory set includes one period and
two edge information (in binary form).

3.4.1.1 Pre-processing

Each timing set contains one period and two edges is stored within a memory
address. However, the waveform we want to generate is continuous. Therefore in Pre-
Processing section, the individual and separated timing information of intended waveform
sets will be calculated and transfer to a continuous form. Since there are 8 periods and 16
edges needed to be calculated in this section, and also the wide bit-width of each calculation
(including integer and fraction part). The operation loading of this section is very heavy
and a pipeline structure is required to complete each calculation in 5ns period. The
flowchart of this process is shown in Figure 3.19, and it can also be generally presented as
a mathematical form as Equation 3.1. This formula describes the continuous edge value is

the summation of all earlier period values and current edge value.

Edgesym; = (X' , Period;_,) + Edge; Equation 3.1
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Furthermore, the summation of all 8 period information also needs to be calculated
in this stage, the formula is shown in Equation 3.2. This information will be used for cycle

count and determining the appropriate cycle for these edges in the next stage.
Period_total = ¥, Period,; Equation 3.2

Each pipeline stage contains numbers of mathematical operations, and each
operation is built by a >24-bit fractional adder (increased in later stage) which is composed
of >21-bit integer part and 3-bit fractional part. These adders are actually transferring the
timing information in each parallel and individual waveform set into a serial and
continuous format, the total bits of the continuous edge and period sum information needs

to be expend to fit the calculated results. A simplified example of this process is shown in

Figure 3.20, which adds four individual waveform to become a serial waveform.

Figure 3.19: The block diagram of Pre-Processing stage
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= 500ps =880ps =1.25ns =2.1ns
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Figure 3.20: Example of adding several discrete edges to form continuous signal.

3.4.1.2 Period Generator

Period Generator (PG) uses the continuous edge and period sum information from
Pre-Processing stage to generate output cycle and assign the edge values to appropriate
output cycle. In other words, PG actually transfers the edge values from FPGA operating
domain (fetch cycle) to HS operating domain (output cycle). Since the FPGA is running at
200MHz, the typical period of fetch cycle is 5ns. If those edges are happening within 5ns,
then those data can be kept in the current cycle, which means the output cycle is
synchronized to fetch cycle. However if some edges or total period exceed 5ns, it will be
assigned to next output cycle therefore output cycle is not synchronized to fetch cycle. The
out of sync usually happens as a lower data rate output (<3.2Gbps) is presented. Figure
3.21 shows the process of PG, a three-stage pipeline first takes period sum to determine
the total output cycles required, and this process will keep calculating to generate new
output cycles. Each edge (only one is shown in Figure 3.21) is specified respectively if it

is in current output cycle. If it exceeds 5ns, then it will be held until the correct output cycle
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is generated. As the correct output cycle comes, these residue edges from earlier fetch cycle
are sent to stage 7. Finally the residue edges and edges in current fetch cycle will be
integrated into the same output cycle and send into stage 8 for next process.

Furthermore, the delay offset values for edge generators in HS section are
calculated in this section. By the process of determining the appropriate output cycle, the
edge values will be subtracted to less than 5ns. The new edge values are used to control
and generate delayed waveform in edge generators. An important control signal called
“stall” is generated in PG to freeze or continue the process of the system. Stall signal is
very critical since it guarantees the success of switching different frequencies. If this
control signal is not generated and sent appropriately, for example, it does not stall the
operation of the pipeline stages at correct cycle, we might loss the edge information we
want to generate and the timing dead zone will occur in the final result. This situation
usually happens when we want to switch to a lower-speed (under 1Gbps) signal. The total
period of low-speed signal is longer than 5ns, which means the edges are not synchronized
to fetch cycle and need to be held until the correct output cycle. Remember FPGA will
continue to fetch data from memory sets at 200MHz frequency, so the period and edge
information stored in the register will be refreshed by new values every 5ns. To ensure this
system to operate at any frequency with “timing-on-the-fly” ability, this stall signal is
required to be generated accurately. Once the system detects period sum is longer than 5ns,
the stall signal is asserted to stop the fetching and calculating process. In the meantime, the
period sum keep subtracting 5ns to get new period sum and generate next output cycle,
then the new period sum will be tested again until it is less than 5ns. Once the new period
sum is less than 5ns, then stall signal is de-asserted and sets fetching and calculation back
to normal operation. The other issue of generating this signal is it needs to be fanout to all
the registers in PG, Pre-processing stage and memory set. According to the previous stage,
there are over 10,000 registers need to be stall simultaneously, that also means over 10,000

fanout are required to spread this signal to all the registers needed to stall. More fanout
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increases the transition time and delays stall signal transmission. The delay of stall signal
transition might freeze the registers after the value is refreshed, which causes errors happen
(or bit loss) in the algorithm. In order to deliver this stall signal to those registers within a
cycle time (5ns), an appropriate buffer structure design is required to optimize the stall

signal transition time within 5ns.
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Figure 3.21: The block diagram of Period Generator algorithm

3.4.1.3 Assigning & Sorting algorithm

The main function of Assigning & Sorting (A&S) section is to reformat the
calculated edge-timing values and assign these values to specific edge generators in HSL,
simultaneously the algorithm will try to optimize those edge generators slot therefore we
can use as many timing slots as possible to avoid dead-zone issue. The first step of A&S
section is cropping. From PG stage, 32 edge (Edgel~16, Edgel*~Edgel6*) slots are
prepared for the edge value storage. However there are only 16 generators in 5ns output

period (8 generators in 2.5ns period), therefore the empty edge slots need to be eliminated.
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Since the maximum data rate of ATG system is to output 3.2Gbps signal (hormal mode),
which also means 16 edges happen in 5ns, the maximum cropping edge slots should be 16.
The eight edge generators are used twice to cover total 5ns delay range, each edge generator
handles 937.5ps delay range and every generator is 312.5ps behind earlier one, shown in
Figure 3.22. Also two generators (Delay-1, Delay-2) from previous output cycle (residue
of Delay7 and Delay8) can be used in current output cycle. Therefore we should crop 18
total edge slots for assigning process. The cropping 32 to 18 MUX is implemented between

stage 8 and stage 9 in Figure 3.23.

400MHz

I 1 | ‘1
Delay-1 Delay3 Delay6 Delayl Delay4 Delay7
Delayl s Delay4 Delay7 2 Delay2 e Delay5 Delay8
Delay-2 Delay2 Delay5 Delay8 Delay3 Delay6
| I
312.5ps i T
625ps |
937.5ps
1250ps
2.5ns 2.5ns

Figure 3.22: Usable edge generators in 5ns period. Each generator handles 937.5ps and is
312.5ps behind earlier one.

Figure 3.23 also shows the condition-branch algorithm for implementing edge-
assignment. In the stage 9, 16-case condition test is used to verify both the timing range
and if the edge generator is occupied. Every cropped edge data from the output of cropping
MUX is sent into an initial edge generator respectively, then the algorithm checks the
timing value if it is in the appropriate edge generator. According to Figure 3.22, any edge
can be processed by three different time generators. For instance, edge value 800ps can be
processed by Delayl (0~937.5ps), Delay2 (312.5~1250ps) and Delay3 (625~1562.5ps).
The algorithm in the meantime verifies if any of the three generator is used by earlier edges

and store the time value to the earliest and unoccupied generator among the three
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generators. Back to the example above, if the Delayl is used by an edge value of 500ps,
then the 800ps edge value will be sent to Delay2. Since this algorithm is implemented by
a large branch logic, it is impossible for the whole calculation to be completed within 5ns
FPGA operation cycle. Therefore an 18-stage pipeline structure is introduced to assigning
algorithm (in each pipeline stage only one edge value will complete the assignment) in
order to make the calculation in each stage happens within one FPGA period. In this
section, there exists similar issue like PG stage, the fanout of the giant branch logic might
slow the speed of the calculation down in this stage. Fortunately this deep-pipelined
structure is able to help reduce the branches and release loading of fanout significantly.

<A —

{[(312.5~937.5ps) & ~Edge1En] |
"’ (937.5~1250ps)} & Edge2En

{[(4375~5000ps) & “Edge7En] |
(4687.5~5000ps)} & Edge8En

Figure 3.23: The block diagram of Cropping and Assigning algorithm.
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In the assigning step, 18 edge values were sent into the appropriate edge generator
(which are Delay-2, Delay-1, two sets of Delayl~8). However, Delay-2 and Delay-1 are
not real generators in current output cycle. We know only eight physical edge generators
exist in the HS section, therefore Delay-2 and Delay-1 are actually the residue timing
ranges of Delay7 and Delay8 of previous output cycle. The final sorting process in this
section is to send the edge values within dummy generators Delay-2 and Delay-1 back to
real generators Delay7 or Delay8 if they are not occupied, otherwise they will be sent into

Delayl and Delay?2 in current output cycle. The process is shown in Figure 3.24.

Figure 3.24: The block diagram of Sorting Algorithm.
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3.4.1.4 DDR registers and Delay 1/0

The final stage of the algorithm is composed of double date rate (DDR) registers
and 1/0 skew management. So far we got sixteen 200MWps (FPGA frequency) time values
(7-bit word width) for the control in HS section. However the HS section outside FPGA is
running at 400MHz and the control of time values need to be refreshed every 2.5ns, also
there are only eight edge generators implemented to format the arbitrary waveform.
Therefore in final stage we need to double the data rate from 200MWps to 400MWps to
match the HS operating frequency. DDR is the technology which samples the data at both
rising and falling edge of reference clock to double the original data rate, a simple timing
chart [40] is shown in Figure 3.25. In the ATG algorithm, DDR will sample the first eight
edges (Delayl1~8) at rising edge and the last eight edges (Delay9~16) at falling edge and

output final 8-channel timing values at 400MWps for HS section.
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Figure 3.25: DDR timing chart.

One of the possible issues might fail this system is the phase skew issue between
the seven bits in each time values. This problem and the solution is well-discussed in
chapter 3.3.3. In the FPGA operation, the values of delay tap is programmed to ‘0’ in initial
state. If the edge located at incorrect time, we can determine that certain of delay values
are not captured correctly. Then we measure and calculate a new delay tap and programmed

into the skew management. This process continues until all the edges occur at right time.
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Furthermore, in this section the eight 400Mbps latch enable signals are generated to
enable/disable edge generators. These signals require to be de-asserted ahead of un-delayed
reference clock arriving and asserted right after the current delayed edge is generated,
which is shown in Figure 3.3 and is well-illustrated in chapter 3.3.1. To make all these
process to function every 2.5ns, the skew adjustment on latch enable signal is as critical as

timing values.

3.4.2 Pattern decoder

The pattern decoder defines data pattern of the desire waveform, the data pattern in
ATG system also can be re-configured by users. In Edge decoder, we decide the timing
that the edges happen, and in Pattern decoder we define data pattern of those edges (0 or
1). Each data pattern is paired to a single edge value, therefore total 16 data pattern sets are
fetched each cycle. FPGA can take these pattern data from ATE, memory or built-in PRBS
generator then follows the similar process of edge decoder. This pattern decoder doesn’t
perform heavy timing value calculations as Edge decoder. It only assigns and generates
formatted (decoded) “pattern-data” used as data input(s) to the timing generation flip-flops
(TGFF) in HS section. The data needs to pass the same number of pipeline stages as edge
decoder to synchronize with edge values. The initial pattern data will be processed by the
deep-pipelined algorithm composed of Pattern Processing and XOR array to generate final

pattern sequence to control TGFFs.

3.4.2.1 Pattern Processing

The main goal of Pattern Processing (PP) is to synchronize the pattern data with the
paired edge value at correct output cycle and assign it to the appropriate TGFF. This
process is similar to role of PG and Assigning & Sorting in Edge decoder. Each pattern
data is linked to an edge value, the first part of PP performs the cycle determination and

the process is also controlled by the stall signal generated from PG. Furthermore, the edge
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enable signals of PG help to pair and synchronize the data pattern with the related edge

timing, the process is shown in Figure 3.26.
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Figure 3.26: Pattern Processing: cycle determination.
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Figure 3.27: Pattern Processing: FF determination.
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The second part of PP is shown in Figure 3.27. In this part, the appropriate TGFF
is decided by the similar process of determining edge generator. Since each TGFF is paired
to an edge generator in HS section, PP uses the edge values and edge enable signals from

edge decoder to determine the appropriate TGFF as well.

3.4.2.2 XOR array

In this stage, the data pattern from PP stage is calculated through a XOR-based
algorithm to achieve the final data and transmit into TGFFs. Since the output of each TGFF
is toggling on rising-edge of a delayed and continuous clock from edge generator, the
current data pattern is highly related to the previous data patterns. Also, the outputs of eight
TGFFs are serialized to a high-speed signal, so the pattern of each late edge is associated
with the early edges in current cycle. Therefore the original data pattern needs to be
processed to fit the operation of TGFFs. From the PP stage we get 16 bits data D [16:1] in
each cycle. However, we know that there are only 8 TGFFs in HS section so the data rate
will be doubled in the next stage, therefore it is obvious that the 8 LSB bits (D [8:1]) are
for the first output cycle and 8 MSB bits (D [16:9]) are for the second output cycle. In order
to calculate the cycle-to-cycle related pattern (C [16:1]) to for the edges, a large XOR-array

algorithm is developed, which the general formula (Equation 3.3) is shown below:

Cli]=D[i] ® C[i—-1] ®..C[i—6] i=1,2,..16
Cli]= Cc7Yi+16] i<0, C![i]: previous cycle Equation 3.3
Since the MSB pattern calculation requires the output result of LSB pattern
calculation, a two-stage pipeline is implemented and each stage includes a XOR array
calculation, shown in Figure 3.28. Therefore total two FPGA cycles are required to get all
16 bits final data pattern accomplished. The calculation result of first half is held and stored
within registers for the calculation of the other half. The previous cycle of the first output

cycle is set to “00000000” at initial state (no edge happens before the first cycle). After this
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XOR array calculation, these data will be sent to DDR registers and 10 delay component

to double the data rate and de-skew the signal phase to match HS timing.
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Figure 3.28: XOR array stage.

3.4.3 ATG algorithm operation

Since the discussion of algorithm and math may still be vague for a full
understanding the whole process, a real example is used in this section to give a clearer
picture of the algorithm. In order to simplify this example and also because of the high
correspondence between Pattern decoder and Edge decoder, we will just use Edge decoder

for explanation here and assume a clocked pattern (0101...) is used. In Figure 3.29, we
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assume there are four different types of basic time sets (Tset 0~3) stored in FPGA memory
to build arbitrary waveform. In each FPGA cycle, the FPGA can fetch maximum eight
timing sets (or less) for serializing. Total 23 timing sets from three fetching cycles
(represented by the depth of color blue) in this example are giving the desired waveform
in Figure 3.29. In order to show the capability of the algorithm, we mandatory program the
total period of first fetch cycle to exceed 5ns and only fetch 7 timing sets in the last fetch
cycle. To format this waveform, a flow chart shown in Figure 3.30 is used to help readers
understand the process. First of all, to clarify the FPGA fetch and output cycle (or HS
cycle), we again use the depth of color blue to represent the FPGA fetch cycle, and we use
different columns for different output cycles. Figure 3.30 basically shows the process after
the calculation in Pre-Processing section (which fetch cycle and output cycle are still
synchronized). The PG transfers all the edge information to output cycle domain, and the
following three-step Assigning & Sorting function assigns these edge values to the

appropriate edge generator in output domain.
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Figure 3.29: An example of assigning timing value to the correct edge generator.
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Figure 3.30: Example data-flow of algorithm for ATG.

In short, the ATG algorithm acts as the most critical role of controlling the ATG to
perform the continuous timing-on-the-fly ability. Without this complex algorithm inside
FPGA, the HS section itself can only generate several fix data rates (such as multiple rate
of reference clock), whole phase shift (not individual edge shift) and produce waveform
dead zone (as frequency sweeps) just like most of traditional ATE systems. Therefore the
implementation of the algorithm provides this ATG extension module full capability of
realizing wideband (DC to 3.2Gbps), continuous (no dead zone) and timing-on-the-fly

(individual edge shift) to enhance the functions of current ATE systems.
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3.5 ATG Hardware Performance and Testing Result

The ATG was constructed using standard PCB technology with “off-the-shelf”
components, shown in Figure 3.31. The Xilinx Spartan-6 FPGA which the ATG algorithm
is implemented located in the center of the board and connected to all the HS components.
In order to minimize the phase skew and reduce the distortion of the signal, the trace is
designed to both length and impedance match. The color wires are JTAG connectors which
is used to program FPGA. The bottom side is a Tyco connector used as the interface of
ATG board and ATE. The power supply can be offered by either ATE system or external
supplies. Also 200MHz reference clock for FPGA and 400MHz clock for HS section are
designed to be provided by either ATE or external source. On the top is the 26GHz-
bandwidth SMA connector to output high-speed and serialized signal generated by ATG.

Output XOR Tree

- H:J-«l * qm’
i 8, mn 8 TGFFs | .

} 3 A\ u\m :ml
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8-Phase Reference Generator
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Figure 3.31: Photograph of ATG working on HP83000-660i ATE system.
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The ATG algorithm was implemented by Verilog language, the behavioral
simulations and post-route verifications were completed under Modelsim 7.0 and Xilinx
ISE 13.0 respectively. All the following measurements shown in this section were
measured by a Keysights 86100C high-speed sampling oscilloscope with 54752A plug-in
testing module (26/50GHz bandwidth), and the reference clock, power supplies and
fetching pointers were all provided by HP83000-660i ATE. The data pattern is provided
by either ATE or PRBS-31 generator built inside FPGA.

3.5.1 Basic ATG Operation: 3.2Gbps PRBS data transition

The very basic capability of the ATG algorithm is to produce timing signals with
any user-defined pattern at fix and full data rate 3.2Gbps. This is illustrated in Figure 3.32,
where all the fine-delay edge generators are programmed to be at a fix delay value, also the
pattern is programmed to PRBS-31 (Length=2%!-1). Notice that the edges line up almost

exactly with the oscilloscope grid markers, which is set at 312.5ps intervals.
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Figure 3.32: 3.2Gbps eye diagram using PRBS-31 pattern. Time base is 312.5ps/div.
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Figure 3.33: ATG eye diagram using 3.2Gbps PRBS-31 pattern. RMS jitter is ~4.8ps and
total Jitter is ~33ps (1khits). Time base is 100ps/div.

We later measured the data-dependent jitter (DDJ) to be on the order of 6-12ps,
which is very small, especially considering the three-stage XOR gates (total 7 XORs) for
serializing in the HS section. Random jitter (RJ) presents in Figure 3.33 is about 4ps RMS
and is dominated by the 400MHz master clock jitter from ATE and oscilloscope trigger
signal (also from ATE). Therefore we can conclude that very small amount of RJ is added
by the ATG. All this is done while the other edges remain precisely spaced at 312ps
intervals to produce 3.2Gbps. For this measurement, we used “infinite persistence” display
mode and collect the data for at least 1K hits, so the ~30ps peak-to-peak (pp) random jitter

(~60) is observed as a widening of the signal trace.
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3.5.2 Edge phase shift and jitter injection

In Figure 3.34, we demonstrate the ATG control of a single edge (without affecting
neighboring edges) by re-programming the fine delay for one of the edge generators each
time the test is re-run within a real-time looping pattern. The figure shows one of the edges
incrementing in approximately 35ps steps through four values (0, 35, 70, 105ps). In fact
the system are able to move the edge in even smaller steps (down to 10ps). However, in

this time scale with 15ps pp jitter, it might be very difficult to be observed on scope.

file Control Setp Measure Calirate LUtiities Hep 10 Jan 2012 1531 ___|
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Figure 3.34: ATG demonstration of individual-edge “timing-on-the-fly.” The third edge
(center of screen) is delayed in ~35ps steps, while others remain unchanged. Time-base is
156ps/div and zoom in part is 20ps/div.
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Individual edge-shift is demonstrated in Figure 3.35. In this experiment we program
the first, third, and seventh edges of a 3.2Gbps signal with fine-delays of 210ps, 110ps, and
160ps respectively. Since the nominal delays of the other edges are at zero (relative to the
312ps references), we end up with “pulses” of varying widths, namely 100ps, 200ps, 312ps,
152ps. Also, the very last pulse on the screen is generated by edges 1 and 2 in the next
group of 8. Notice that these are now reprogrammed to their nominal settings (0 and
312ps), so the very last pulse width is again back to 312ps. The first pulse (~100ps width)
is nearing the minimum of ~78ps that can be produced with the ATG algorithm. At 100ps,
this period is equivalent to a single-bit at 10Gbps, this short pulse shows the ATG has the

potential to run a lot faster than the spec claims with current hardware.
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Figure 3.35: Multiple-edge “timing-on-the-fly.” The first, third, and seventh edges are
delayed by 210ps, 110ps, and 160ps respectively. Time-base is 312ps/div.
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Since the ATG is able to shift individual edge, the algorithm is able to modulate
jitter injection by programming different multiple delay values at the same data rate. The
modulation frequency can be up to 400MHz since the data in edge generator is refreshed
every 2.5ns. Figure 3.36 demonstrates the ATG ability to synthesize extra DDJ. Here for
a good observation on scope, the timing edges are adjusted to create the effect of about +/-

50ps (100ps peak to peak) of added DJ.
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Figure 3.36: DDJ jitter injection. The signal bit-rate is 3.2Gbps. Time-base is 78ps/div.

3.5.3 Low-speed and long-delay demonstration

While previous section shows the individual timing-shift ability that can be
performed by ATG algorithm, it doesn’t really show a significant advantage over ATE
system. A more challenging application is illustrated in Figure 3.37 where the capability

of timing-on-the-fly is used to synthesize a 1.0Gbps signal. Notice that 1Gbps is NOT an
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even multiple of our reference clock (400MHz). Therefore, each edge must be
reprogrammed with a new “fine-delay” value every time the generator is used. In fact,
each of the edges shown in the example waveform is coming from different edge generator,
and delay value in each edge generator changes every time when it is used by the ATG.
As shown in Figure 3.37, the edge E1 is generated from edge generator D7, E2 is generated
from D2 of next output cycle and etc. Despite the complexity involved, the resulting
waveform has shown a very precise timing and low-jittery 1.0Gbps signal.
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Figure 3.37: Synthesizing 1.0Gbps using “timing-on-the-fly.” Time-base is 500ps/div.
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Figure 3.38: Demonstration of the ~1ns dynamic programming range. A 312ps wide pulse
is shifted by 937.5ps. Time-base is 200ps/div.

Ideally each of the 8 edge generators must cover at least a range of 312.5ps.
However, in order to completely avoid any dead-zones while running at different data rate,
and to allow for burst-mode synthesis of higher-speed signals, we make each generator to
span an even larger range of 937.5ps. As shown in Figure 3.38, the first edge is generated
by E1 with 0 delay and the third edge is also generated from E1 but with 937.5ps delay.
The other critical issue of creating long-delay edge is the propagation delay inside the edge
generators. Since the edge decoder updates delay value every 2.5ns, the edge generators
must generates the edge delay before the next delay value coming, otherwise the delay
value is refreshed by newer value and causes incorrect edge. Therefore the cycle and phase
control inside the algorithm needs to be calculated accurately. An easy example is shown
in Figure 3.39, which we program a maximum fine delay of ~940ps (the worst case of

current cycle might be overwritten by next cycle before current edge is generated) that an
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edge generator performs to verify this potentially issue. In reference waveform (in yellow
words), all the E1 and E2 are programmed to identical 940ps delay (D1 and D2,
respectively) but in different cycles. In other words, E1 cyclel is generated by 1% 400MHz
HS cycle and E1 cycle2 is generated by 2" one. For the target waveform (in red words),
we perform the cycle2 in different values, and the delay time is shorter (~200ps) than the
reference one. We can observe the E1 and E2 in cyclel of target waveform is not affected
(E1 cyclel and E2 cyclel of target waveform is overlapped with reference one) by the
different delay values in cycle2. This result shows the precise phase control from the

algorithm effectively prevents the possible timing conflicts in ATG hardware.
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Figure 3.39: Precise cycle and phase control in the algorithm. Showing the algorithm
prevents potential timing conflicts from ATG hardware.
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3.5.4 Timing-on-the-fly and Burst mode

In Figure 3.40 we show a truly remarkable ability of the ATG to switch from one
frequency (period) to another “on-the-fly” without any dead time or glitches. This ATG
board is able to fully perform this ability with no constraint and 10ps resolution under the
maximum data rate 3.2Gbps. In this example, we program first 6 cycles at 3.0Gbps,
followed immediately by 2 cycles at 1.0Gbps, then 2 cycles at 3.0Gbps, and 2 cycles at
1.0Gbps, etc. The data pattern is programmed to clocked pattern (0101...). This capability
of freely switch period/frequency on-the-fly at multi-gigahertz rates is not provided by
other ATESs today. By help of this ATG, we finally can achieve the ability of the software
simulation in hardware testing. Another example we program one 3.0Gbps, two 2.0Gbps,

two 1.0Gbps and two 3.2Gbps cycles with PRBS-31 pattern is shown in Figure 3.41.
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Figure 3.40: A demonstration of “period-on-the-fly” with clocked pattern (“0101...”).
Time-base is 1ns/div.
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Figure 3.41: A demonstration of “period-on-the-fly” with PRBS-31 pattern. Time-base is
500ps/div.

The other function of the ATG algorithm is to perform the burst mode which allows
to exceed typical operation data rate (3.2Gbps). The concept is to use the overlapping area
of the edge generators to generate maximum edges in a very short period. As we mentioned
before, every 312.5ps overlapping area is covered by three different generators, therefore
theoretically we are able to synthesize as small as 78ps (312.5/4) width pulse. If several
edge generators are programmed within a short time interval, then bursts can be obtained
above 3.2Gbps. Figure 3.42 and Figure 3.43 use this approach to demonstrate the signals
running at 5.0Gbps and 6.4Gbps respectively. The jitter measurement at these over-spec
data rates still shows a reasonable number compare to typical 3.2Gbps, which means the
HS components is able to run a lot faster. However, this ability of running at the data rate

above 3.2Gbps is limited. The ATG algorithm actually sacrifices the flexibility of
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producing continuous bit stream and no dead-zone edge ability. In other words, the ATG
system only produces several data eyes instead of continuous eyes in burst mode. In Figure
3.43, the four edges to create three 6.4Gbps data eyes (156.25ps eye-width) have burned
out the usage of four nearby generators so that none of the edge can be generated within
937.5ps (the next available generator) thus a continuous bit stream of high data rate is not
achievable. The other issue of running burst mode is the limitation of rise/fall time of the
XOR gate (which is specified at 20ps). When ATG is operating the data rate over 10Gbps
(100ps period), the signal cannot perform full voltage transition from low to high level.
Figure 3.44 demonstrates the ATG ability to synthesize intentional glitches, with pulse-
widths less than 100ps. The first two burst pulses are programmed to 78ps (the minimum
pulse can be generated by ATG), follow three are programmed to about 100ps and last one
is a typical 3.2Gbps cycle to show the reference of full voltage transition. From the figure

we can observe that the first five high-speed pulses actually cannot reach Vmax.
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Figure 3.42: Demonstrating synthesis of 5.0Gbps burst data eyes. RMS jitter is about 4.7ps
and peak to peak jitter is 32ps. Time-base is 50ps/div.

60



file Control Setup Measure Calibrate Utilities Help 23Feb 2012 18:32 _|

anenend
Period
ATime
mean 30.70502 ns median 30.70670 ns Adiust
}U std dev 4.899 ps hits 2.011 khits Window
' : p-p..38 ps atlo. 68,3 % e

a4
Frequency +

100 v/ div 100 miv/diy 100 v/l 200mv/d | Time:156.0 ps/div | Trig: Nomal | ¢+ Patiem
Yie20my _y g04my_| Jiooomy | Hoov Delay:30 6911 ns S

Figure 3.43: Demonstration of 6.4Gbps burst data eyes. Time-base is 156ps/div.
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Figure 3.44: Synthesizing glitches with pulse-widths <100ps. Time-base is 300ps/div.
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3.5.5 Rising/Falling time improvement and MUX Mode

To solve the rise/fall time limitation, we use an edge-sharpening XOR buffer
(Hittite HMCB844) to increase the ATG output slew rate and to suppress noise on the logic
rails. When driven by the ATG output, this buffer produces a 20-80% rise time of about
12ps, as measured with our instrumentation. This is illustrated in Figure 3.45 and is very
close to the device specification (10-11ps). Therefore, sharper-edge components is very

helpful if we want to push this ATG to higher data rate in the future.
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Figure 3.45: Buffered output edge. Trise = 12ps (20-80%). Time-base is 20ps/div.

Figure 3.46 shows the sharper rise/fall edge at 1.0Gbps from buffered ATG output.
The target Fmax of 3.2Gbps for the buffered ATG is shown in Figure 3.47. Here two
consecutive data eyes are visible and the total jitter for one edge is about 29.5ps at BER=10"
3(1khits). At this BER, the eyes openings are about 0.91UI wide. Given an estimated DDJ
= 10ps, then RJ = 1/6(29.5-10) = 3.25ps. Therefore, at BER = 10712 we expect TJ = 56ps,
and the eye opening is about (312-56)/312 = 0.80Ul. This includes the ATE clock
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reference jitter, the oscilloscope trigger jitter, and that of the added buffer, as well as the
ATG jitter itself.
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Figure 3.46: Buffered output eyes at 1.0Gbps. Time-base is 200ps/div.
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In this demonstration, the ATG shows the ability to combine two single-ended ATG
signals (each running at 3.2Gbps) using the HMC844 (up to 20Gbps) as another level of
exclusive-OR. Since the component supports differential inputs/output, the method is to
operate the MUX in single-ended mode. Each single-ended ATG signal goes into one of
the XOR inputs and the other end of XOR inputs is 50 ohm terminated to ground, the

schematic of this setup is shown in Figure 3.48.
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Figure 3.48: The schematic of implementing MUX mode on ATG board.

This approach essentially expands the ATG to 16-to-1 multiplexing (originally 8-
to-1 multiplexing), and extends the typical Fmax to 6.4Gbps (sustained, not burst), as
illustrated in the Figure 3.49. We can observe four complete and continuous eyes are
visible in the figure and jitter characteristics are comparable to previous examples. At last,
we try to combine both burst mode and MUX mode to push the maximum data rate of this
ATG. In Figure 3.50, a burst of 3 isolated data eyes of 10Gbps are shown (no other edge is
surrounded since we need to sacrifice some capabilities of ATG in burst mode). Here the
long (~937.5ps) dynamic range of the edge generators is exploited in order to force four
edges to occur within 312.5ps. By the mixture of MUX and burst mode, the ATG is able

to synthesis a short burst of data up to 10Gbps with sharp rise/fall time.
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Figure 3.49: Multiplexed/buffered output eyes at 6.4Gbps. Time-base is 78ps/div.
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3.6 Summary

This ATG provides the capability of switching period/frequency “on-the-fly” at
multi-gigahertz rates which is not provided by current ATEs. This FPGA-based application
has raised the flexibility of DUT test to a higher level. However, the ATG is still connected
with an ATE system and requires control lines and power supplies from ATE, therefore
currently this ATG can only be considered as an extension module of ATE and cannot
operate individually to replace the entire ATE system. Furthermore, although the system
can fully operate at 3.2Gbps and go up to 6.4Gbps or higher under some constraints, the
6.4Gbps maximum speed just barely catches up the high performance devices nowadays
and might be out-of-date soon. Due to those issues, a more adaptive control host is needed
to be implemented to allow users to define their testing data pattern in a more efficient way
without the help of ATE. Furthermore, there is still room to optimize the algorithm of HDL
code to achieve higher throughput, and a more advanced FPGA chip with larger capability,
powerful functions and faster speed will definitely improve the bottleneck we meet today.
In short, this ATG is a very cutting-edge design and still we haven’t dug out the whole
potential of it yet. The high flexibility of FPGA on this ATG board ensures more possible
works can be done in the future to keep hardware testing ability on the same path of most

advance digital devices.
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CHAPTER 4

FPGA-BASED TESTING PLATFORM

4.1 Introduction

High-performance digital testing for hardware evaluation has become a big
challenge. For the past 30 years, ATE with multi-channel outputs has provided a stable
solution for various digital testing [24] [29] [30]. However, as the data rate of commercial
digital devices go up to several Gbps [31], the complexity of generating high-speed testing
pattern has increased exponentially. Also the jitter performance, voltage swing and rise/fall
time performance are seriously distorted at this data rate. Although most advanced ATES
are able to reach the speed easily, the high-cost, high power consumption and the testability
still present difficulties toward testing these high-speed components today. Therefore, we
want to design a new testing architecture with economical cost to replace the conventional
ATEs, and also extend this design to the new high-speed digital systems in coming future.

In this chapter we will present a FPGA-based, high-performance testing platform
for general wide-speed digital test. This FPGA-based platform is built by a new 28nm-
process Xilinx Kintex-7 FPGA enabled with four extended slots on the board which
provide hundreds of 1/0 channels for testing purpose. This design can also be expanded by
adding more FPGAs on the current board. Furthermore the firmware inside FPGA had been
well-developed to perform transmission/reception of wide-band signals from DC to
10Gbps with the high-speed SERDES. This re-configurable firmware not only designed
for high-speed signal transmission/reception, but also provides auxiliary interfaces for
communication. Plug-in modules are designed to extend the function of this testing
platform by using four extended slots. These plug-in boards will be detailed later in Chapter
5. In this chapter we will focus on architecture of this platform and show an up to 16Gbps

PRBS-31 signal from FPGA main board in the testing result.
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4.2 FPGA-based Testing Platform Design

4.2.1 The FPGA and GTX Transceivers

Our approach is based on utilizing the FPGA as the testing core for this new
platform. The development of semiconductor has made high-performance FPGAs become
the leading technology of algorithm/concept verification in semiconductor industry. Today
FPGAs are available that utilize 28nm CMOS technology and support 1/O rates of ~30Gbps
(using dedicated serial /O pins). Even “standard” I/O channels on these FPGA are able to
run up to ~1Gbps. Furthermore, the cost of FPGAs is very low as comparing with
customized and sophisticated machines such as ATEs. On the other hand, FPGAs have
always had the significant advantage of re-programmability, so that design changes and
improvements can be realized without incurring significant re-construction costs.
Therefore our main focus is to leverage these features of state-of-the-art FPGASs in order

to create a low-cost, but high-performance test system.

4.2.1.1 FPGA overview

The selected FPGA component from Kintex-7 family [46] was introduced by
Xilinx. This 28nm FPGA family is representative of leading edge FPGA technology which
provides most advanced features in FPGA market including up to 400 moderate-speed 1/0s
and 32 high-speed GTX SERDES transceivers (>10Gbps). This Kintex-7 FPGA contains
some most powerful hard-IP system-level blocks, including 477K high-speed 6-input look-
up tables (LUTs) for configurable logics, 18Kb/36Kb individual RAM blocks (supports up
to 34Mb), high-performance SelectlO™ technology with support for DDR3 (1866Mb/s),
advanced DSP slices (25 x 18 multipliers, 48-bits accumulators and pre-adders) for high-
performance filtering and optimized symmetric coefficient filtering, powerful clock
management tiles (CMT), combining phase-locked loop (PLL) and mixed-mode clock
manager (MMCM) blocks for high-precision and low-jitter reference clock. This features

are powered by the very low core voltage of 1.0V, thus consuming relatively low power
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and dissipating low heat. The most basic configurable unit inside Kintex-7 FPGAs is LUT.
The LUTSs can be configured as either one 6-input LUT (64-bit ROMSs) with one output, or
as two 5-input LUTSs (32-bit ROMs) with separate outputs but common addresses or logic
inputs. Each LUT output can optionally be registered in a flip-flop. Four such LUTs and
their eight flip-flops as well as multiplexers and arithmetic carry logic form a slice, and
two slices form a configurable logic block (CLB). Four of the eight flip-flops per slice (one
per LUT) can optionally be configured as latches.

The moderate-speed 1/0s of the Kintex-7 FPGA series supports most single-ended
and differential signal 1/0 standards. This allows designers to implement low-speed
controller and digital control bus to control the devices on main board or plug-in modules.
Also the low-speed testing (DC to 1Gbps) can be implemented by using these 1/O ports.
The supporting standards [40] [47] of these I/Os had been well-discussed in Chapter 3
(Table 3.2) and will not be repeated here. The mostly used 1/O standard in this platform to
implement control signals is LVCMOS25. The number of 1/O pins varies depending on
devices and package size. Each 1/0O is configurable and can comply with a large number of
I/0O standards. With the exception of the supply pins and a few dedicated configuration
pins, all other package pins have the same 1/0O capabilities, constrained only by certain
banking rules. These 1/Os in 7 series FPGAs are classed as high range (HR) or high
performance (HP). The HR 1/Os offer the widest range of voltage support, from 1.2V to
3.3V. The HP 1/Os are optimized for highest performance operation, from 1.2V to 1.8V.

The GTX transceivers [48] are the high-speed I/Os (up to 10Gbps) which are built
by high-performance ring/LC PLLs, user-programmable drivers/receivers, and SERDES
technology. The GTX data rate (500Mbps to 10Gbps) of Kintex-7 FPGA matches to the
target performance we set for this design, which is to realize 10Gbps data transition on a
low-cost platform. Despite to speed consideration, the more important criteria of selecting
an appropriate FPGA is the I/0 compatibility. The GTX transceivers support most high-

speed 1/O standards in the market. Table 4.1 has summarized the high-speed 1/O standards
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and the speed rate supported by the GTX transceivers in Kintex-7 family. As we mentioned
before, the core concept of this testing platform is to use those high-speed GTX 1/Os to
transmit/receive Gbps signal, therefore a more detail discussion of GTX transceivers will

be illustrated in the next section.

Table 4.1: Kintex-7 GTX Supported I/O standards

Standard Line Rate
Fiber (Single-Rate and Multi-Rate) 4.25/2.125/1.0625Gbps
XAUI, RXAUI 3.125Ghps, 6.25Gbps
Gigabit-Ethernet 1.25Gbps
Aurora (Single Rate and Multi-Rate) 6.25/5/3.125/2.5/1.25Gbps
Serial RapidlO (Single Rate and Multi- | 3.125/2.5/1.25Gbps
Rate)
SATA 3.0/2.0/1.0 6.0/3.0/1.5Gbps
PCI Express 3.0/2.0/1.0 8.0/5.0/2.5Gbps
CPRI (Multi-Rate) 3.072/2.4576/1.2288/0.6144Gbps
OBSAI (Multi-Rate) 6.144/3.072/1.536/0.768Gbps
3G-SDI, HD-SDI (Multi-Rate) 2.97/1.485Gbps
Interlaken 10.3125/6.25/4.25/3.125Gbps
SFI-5 3.125Ghps
OC12, 0C48, OC192 0.62208Gbps, 2.4883Gbps, 9.953Gbps
OuUT-1 2.666057Gbps
CEl 6.25 6.25Gbps
10GBASE-R 10.3125Gbps
SFP+ (SFF-8431, SFI) 11.1/10.5187/10.3125/9.9532/9.8304Ghps
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4.2.1.2 GTX Transceivers

The GTX transceiver is essentially a high-speed SERDES developed by Xilinx for
Kintex-7 family FPGAs. It is a highly power-efficient configurable module that can
produce line rate up to 10Gbps. The transmitters support programmable pre/post-emphasis
and voltage-swing control, and the receivers provide equalization programming to
optimize the received signal integrity. Also, these transceivers have built-in supports of
PRBS generator/checker, 8b/10b encoding/decoding protocol, comma alignment, channel
bonding, advanced equalizer (DFE and LPM), clock correction and characteristic controls
for PCIE interface. The GTX transceiver of the Kintex-7 FPGAs includes the following
new or enhanced features compare to the previous generation:

1. 2-byte and 4-byte internal data path to support different line rate requirements, the
4-byte data path is recommended as the line rate goes above 6.4Gbps.

2. Provides both quad-based LC tank PLL for best jitter performance at high line rate
and channel-based ring oscillator PLL at low line rate.

3. Power-efficient, adaptive linear equalizer mode called the low-power mode (LPM)
and a high-performance, adaptive decision feedback equalization (DFE) mode to
compensate for high frequency losses in the channel while providing maximum
flexibility.

4. RX margin analysis feature to provide non-destructive, 2-D post-equalization eye
scan.

Xilinx has designed the GTX transceivers into quad transceiver columns and place
them strategically close to the other transceiver blocks in order to minimize the layout size
and power consumption. Figure 4.1 shows an example block diagram of a quad GTX
transceivers column [48] in a Kintex-7 FPGA (XC7K325T, which is used in this design)
with total 16 GTX channels. The Configuration block provides the access to the reference
clock and configurable ports on GTX transceivers and the integrated block combines these

signals with PCIE configuration ports. The I/O column are used to load user-defined
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configuration from either internal FPGA-generated or external inputs, and mixed mode
clock manager (MMCM) column are used to take reference clock form clock input and
manage the synchronization and routing of clocks and clocking parameters. These blocks
allow the users to have fully communication with GTX transceivers and define the desire
settings to GTX. Finally the GTX column routes these configurable settings and reference

clock to appropriate GTX channel and performs arbitrary GTX operation.
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Figure 4.1: GTX Transceiver quad column in a Kintex-7 FPGA (XC7K325T).
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GTX transceivers are built into GTX quads, and each quad containing four GTX
transceivers as shown in Figure 4.2. Each GTX transceiver has a pair of differential
transmitting and receiving ports connected directly to the associated pins on FPGA package.
The REFCLK Distribution block receives clock signal from global buffer and distributes
this clock signal to either channel PLL (CPLL) or quad PLL (QPLL). Each GTX quad has
a LC tank QPLL which provides very low-jitter and high-speed serial clock to all four GTX
channels. Despite using QPLL, each GTX channel has a built-in ring CPLL to provide
high-speed serial clock for the specific channel usage. Each transceiver channel can be

configured to use either one of these two PLL for desired applications.
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Figure 4.2: GTX Transceiver quad block diagram.
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The selection of QPLL allows all four GTX channels to be synchronized, and
reduces the total resources usage and power consumption of FPGA. The QPLL can be
shared by four transceiver channels within the same quad, but cannot be shared by channels
in other quads. The QPLL is an LC-tank PLL which has lower jitter characteristics and
provides better performance in higher frequency band, the block diagram is shown in
Figure 4.3. In the figure, the upper VCO band supports 9.8~12.5GHz and lower VCO band
supports 5.93 to 8GHz. When the lower band VCO is selected, the upper band VCO is
automatically powered down and vice versa. The input clock can be divided by a factor of
M (reference divider) before it is fed into the phase frequency detector. The feedback
divider N determines the VCO multiplication ratio. The QPLL output frequency (PLL
CLKOUT) is half of the VCO frequency and applied to GTX transceivers. A lock indicator
block compares the frequencies of the reference clock and the VCO feedback clock to
determine if a frequency lock has been achieved. However, the QPLL is very limited to
low-band VCO frequency and requires larger layout size and consumes more power per
unit enabled. Therefore QPLL is more recommended to use as the line rate goes above

6.4Gbps (3.2GHz PLL output frequency) and multi-channel operation are enable.

PLL
Lock LOCKED
> Indicator
PLL
CLKIN Upper Band PLL
= /M Phase Charge Loop VCO CLKOUT
Frequency | P 1 Fil - /2 -
Detector ump iter Lower Band
VCO
/N |=

Figure 4.3: QPLL block diagram

On the other hand, if the applications require each GTX channel to work
individually (not synchronized with other channels), then the CPLL is needed. Each GTX
transceiver channel contains one ring-based CPLL and it cannot be shared by other

channels even in the same quad. Figure 4.4 shows the block diagram of CPLL. Similar to
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QPLL, the input clock can be divided by reference divider M before feeding into the phase
frequency detector. The feedback dividers, N1 and N2, determine the VCO multiplication
ratio and the CPLL output frequency. A lock indicator block compares the frequencies of
the reference clock and the VCO feedback clock to determine if a frequency lock has been
achieved. The CPLL in the GTX transceiver has a nominal operating range between 1.6
GHz to 3.3 GHz, and it has a better performance at lower line rate, wider band compatible
and smaller unit size compares to QPLL. However, the total usage of four CPLLs with all
four GTX channels enabled causes more power consumption then a QPLL with the same
condition. In other words, if only a single GTX channel and a relative low line rate is

needed, the CPLL is a more proper selection than QPLL.

PLL
=| Lock LOCKEE
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CLKIN PLL
- /M - - Phase Charge Loop CLKOUT
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Detector Pump Filter
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Figure 4.4: CPLL block diagram

Each GTX transceiver is composed of transmission block (TX) and receiving block
(RX). Figure 4.5 shows the diagram of TX block of a single-channel GTX. As shown in
the figure, the data flows from the right side to left side. The TX side includes two major
blocks, which are TX physical coding sublayer (PCS) and TX physical medium attachment
(PMA). The TX PCS processes the parallel TX data with low-speed parallel clock
(TXUSRCLK), which is the fanout of reference clock distributed from global buffer. The
very right-end of TX PCS is the FPGA TX interface, where the parallel-transmitted data
and the configuration controls are supplied from. The TX data and control signals in this
block is running under TXUSRCLK domain (typically below 500MHz). Users are allowed

to define their own TX data pattern in this block, such as utilization of memory or coded-
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pattern generators. The width of TX data (2-byte, 4-byte) is also defined in this block. The
TX data is transmitted into GTX transceiver on the positive edge of TXUSRCLK. Also the
configuration signals for GTX can be generated in FPGA TX interface. In other words, this

block is the gateway between FPGA core logic and GTX transceivers.

TX Gearbox |[«—
™ | ™ Beacon
TX | OOB| Pre/
. - SATA Pattern TX PIPE
Driver | and | Post [ PISO Polarity Generator Control
PCle | Emp ‘
, o] /] FPaATX
Encoder - nleriace
T Phase
Clock -— Adjust <
Dividers FIFO =
|
TX Phase
ITX Ph‘ase Interpolator
nterpolator Controller (GTH)
L f TX PMA J L TX PCS
From Channel To RX Parallel Data From RX Parallel Data From RX Parallel Data
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Figure 4.5: GTX TX block diagram

The TX data and configuration signals then are transmitted to user-selected data
processing blocks. The TX data undergoes certain process while passing each block with
the configuration signals and perform the function of these blocks. The TX PIPE Control
provides the data path selection from either FPGA path or RX received parallel data path.
RX received parallel data path is actually a loopback path which takes deserialized data
from RX and queues it to TX side. Another loopback path in this block allows the parallel
data signal to bypass TX PMA and transmit to RX side directly. 8B/10B is an industry
standard encoding scheme that trades two bits overhead per byte for achieved DC-balance
and bounded disparity to allow reasonable clock recovery. The GTX transceiver has a built-
in 8B/10B TX path to encode TX data without consuming FPGA resources. Enabling the
8B/10B encoder increases latency, on the other hand it can also be bypassed to minimize
latency. Some high-speed data rate protocols use 64B/66B encoding to reduce the overhead
of 8B/10B encoding while retaining the benefits of an encoding scheme. Therefore TX

gearbox provides 64B/66B and 64B/67B header and payload combining to extend the
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supporting of those high-speed protocols. The TX pattern generator block generates several
industry-standard pseudo random patterns including PRBS-7, PRBS-15, PRBS-23 and
PRBS-31 which can be used to test the signal integrity of high-speed link. Also it includes
the supporting of clocked pattern (square wave with 2 Ul period), long-word pattern
(square wave with 16 Ul, 20 Ul, 32Ul, 40Ul period) and PCI Express compliance pattern
for other testing strategies. After passing all these blocks, the multiplexor in TX selects
particular data path based on configuration setup generated from FPGA interface. Since
there might exist skew within parallel TX data, the Phase Adjust FIFO block provides a
fine phase adjustment for TX data if needed. In the end of TX PCS block, the data passes
Polarity block which allow the user to sweep P-end or N-end of TX signals in case there is
mistake of differential signal layout on PCB. Afterward the TX data is sent to TX PMA
block for serialization and transmission.

The TX PMA block is basically composed of a high-performance serializer and a
configurable driver. The PISO block (parallel in, serial out) uses the high-speed serial clock
(typical several GHz) which is generated from either QPLL or CPLL to sample coming
parallel TX data for serialization. TX driver is configurable, allowing differential voltage
sweep, pre/post-emphasis control, PCIE features setup and out of band (OOB) control for
serial at attachment (SATA) standard. These features help >3.2Gbps signal against
resistance-capacitance (RC) effect and improve the high-speed signal quality. Also, the
single-ended stream signal is transferring into differential signal then are supplied to TX
pair pins on FPGA package in the analog end of TX driver.

The RX actually performs the opposite operation of TX side, which is shown in
Figure 4.6. As the figure shows, the data flows from left to right side in RX block. Similar
to TX block, each RX contains RX PMA and RX PCS block. High-speed serial data first
flows from the pins on FPGA package into the RX PMA. The RX PMA is composed of a
high-performance receiver, programmable equalizer, clock data recovery (CDR) and SIPO

(serial in, parallel out) block. The configurable analog front end (AFE) is a current-mode
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input differential buffer with the features of configurable RX termination voltage and
calibrated termination resistors, which allows the receiver to receive signal of various
protocols. The two programmable RX equalizers including decision feedback equalizer
(DFE) and low-power mode (LPM) help CDR circuit to recover received high-speed data
stream. These equalizers is selected depending on system level trade-offs between power
and performance. For a lower-loss channel, LPM mode is chosen for power efficiency. On
the other hand, for equalizing high-loss channels, the DFE mode is selected to offer better
data-recovering quality. This recovered data stream from AFE then is sent to SIPO circuit

and deserialized into parallel RX data.
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Figure 4.6: GTX RX block diagram

The parallel data then flows into RX PCS block. This RX data usually shares the
same bit width with TX data which can be configured by FPGA TX/RX interface block.
Comparing to TX PCS block, RX PCS also has the highly similar but opposite operation
block such as polarity sweep control, 8B/10B decoder, RX gearbox for 64B/66B decoding
and PRBS error checker to check bit error rate (BER). Also the comma detect is presented
to align the input signal accordingly. These processes are under parallel clock RXUSRCLK
domain which is the duplication of TXUSRCLK and also comes from the fanout of global
reference clock. The RX PCS block also has built-in loopback paths to receive parallel TX
data from TX PCS and the ability of transmitting received data to TX PCS. After passing

this blocks, the processed parallel RX data is then provided to the FFGA RX interface.
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4.2.2 Hardware system-level Design

The FPGA-based Testing Platform [49] was mainly built by using Xilinx Kingtex-
7 FPGA as the main controller, combing with auxiliary chips including oscillator, flash
memory and USB UART, USB communication port, JTAG programming port, general
purpose 1/0 (GP1O) SMA ports, and high-bandwidth connectors. This board is designed
to either plug-in on ATE as extension card to be controlled by ATE host, or operate
individually by using communication interfaces to program and control. The power can
also be supplied by either ATE or external power supplies.

Figure 4.7 shows the block diagram of FPGA-based Testing Platform. This board
contains 4 1/0 extension slots, each of the 4 slots is soldered on with a 10GHz high-
bandwidth connector. These connectors are used to transmit wide-band (DC to 10Gbps)
and multi-channel (up to 100 channels) signals between the FPGA and custom-designed
extension board. Each extension slot supports 4 complete bi-directional GTX channels
(differential, total 16 pins are occupied), so that total 16 high-speed channels can be
implemented on this testing platform. There are 64 channels on each slot can be applied to
moderate-speed (below 1Gbps) testing or implemented as control ports or communication
I/Os such as serial peripheral interface (SPI) which is widely used to program analog/digital
devices. Eight independent power pins on the connector are separated from those signal
pins to distribute the regulated voltage supplies form the main board to power on extension
boards. Besides the high-speed connectors, we also connect four moderate-speed 1/0Os to
SMA connectors for system debug. With these general purpose I/0O (GPIO) ports, the
signals inside FPGA can be pulled out directly and measured by oscilloscopes or spectrum
analyzers, which is convenient for users to fix and improve this system.

Two reference clock sources are provided on this board. The first one is a 200MHz
oscillator with LVDS outputs. Since most FPGA logics are able to operate at this speed
and the frequency of GTX reference clock also falls at this range (<500MHz), this oscillator

is an appropriate clock source for FPGA. However, the drawback of using soldered

79



oscillator is it only outputs fixed or limited rate of clock and lacks flexibility. Therefore an
external reference clock is provided by differential SMA connectors on this board. By the
help of these SMA connectors, the FPGA can use more flexible clock frequencies from

signal generators for different testing strategies.
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Figure 4.7: FPGA-based Testing Platform block diagram.

Several 1/O interfaces are built for the FPGA to communicate with user interface,
auxiliary chips and future extension board. JTAG is the main interface to program or
communicate FPGA, by linking this port with user’s computer, the FPGA firmware can be
reprogrammed for different purposes. In this research we also use JTAG to configure the
FPGA to simplify the complexity of the firmware and reduce 1/0 consumption. The USB
interface is a widely-used standard in the industry and many communication protocols are
implemented base on it, therefore we also reserve the support of USB UART IC and
connector on this board. Since FPGA is a volatile component and it loses the content of

bit-stream firmware once the power is off, a flash memory is built to store firmware file.
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When we power this platform on, the FPGA will be automatically reprogrammed with the
stored bit-stream file without manually programing procedure by the computer. Therefore
the real “independent” operation for this main board is thus realized.

The photo of this platform is shown in Figure 4.8. On this prototype board, only
one Kintex-7 FPGA and 4 extension connectors have been implemented. However, this
board has reserved enough space for the other three FPGA chips and 12 connectors for
future expansion. With a re-arrangement of layout, potentially there can be up to four
FPGA chips and offer 16 extension slots on this design. According to what we have
addressed before, each extension slot is connected to four high-speed GTX channels so the

entire system can potentially offer up to 64 10Gbps channels for testing.
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Figure 4.8: The actual photograph of FPGA Main board.

On the top of the Figure 4.8, a special connecter is reserved to be host by ATE
systems. The board is also designed to be the interface between ATE and DUT board,
which is shown in Figure 4.9. The host ATE provides power supply, transmit data to the
FPGA board and receive data from FPGA. The ATE actually utilizes this FPGA board to
update new testing features for DUT (similar to the ATG in last chapter). The main power
supply is located at top right corner in Figure 4.8. Since the FPGA supports various 1/0
standards, the DC offset and biasing voltages from these standards are also provided on the

board. Despite of 1.0V core voltage, the power plans include most of industry used 1/0
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voltage such as 1.2V, 1.8V, 2.5V and 3.3V. Furthermore, the power plan on the main board
also reserves potential power supplies requirement for the extension board. In order to
provide the power to the extension board, the power plans on this platform are connected

with the separated power pins on the high-bandwidth connectors.

Load-Board

Breaking
board with
SMPs out

FPGA-based
Test Board

Host ATE

Figure 4.9: FPGA-based Testing Platform on host ATE.

4.2.3 FPGA Block Design

In order to configure this testing platform to wide-band testing applications, a
separated low/high-speed architecture is selected to be implemented inside the FPGA.
Figure 4.10 illustrates the top level of design block we have developed for the general-
purpose testing. The logic design of this architecture is implemented by Verilog hardware
description language and compiled by Xilinx ISE 14.0 software. The bit-stream file
(firmware of FPGA) generated from HDL code is upgradable and reconfigurable inside
FPGA, hence the new features can be added easily by reprogramming the updated
firmware. Furthermore, since this FPGA-based platform might be applied to host different
plug-in applications, the configuration logics and 1/Os required for controlling these

extension modules can also be implemented by updating the existing HDL code.
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Figure 4.10: Testing architecture within the FPGA

For low-speed 1/0 testing (typically <1Gbps) such as USB2.0 (480Mbps) or PCI

(533Mbps) standard, the FPGA moderate-speed 1/0s (bottom block of Figure 4.10) are

applied to transmit and receive the signals. The reference clock samples the data in first-in

first-out (FIFO) registers and output the signal on both positive and negative edge (DDR

technology). Therefore the output data rate is twice of the reference clock frequency. The

sampling FIFO access the data from a data path composed of various data pattern

generators and a memory system. PRBS pattern generator is the most widely used pattern

for testing 1/0 performance, therefore it is code-realized within the FPGA firmware design.

In addition to the random data generator, refreshable memories are available and allow

users to define and store the specific patterns they need for the DUT. The low-speed FPGA
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I/0O drivers can be programmed to either single-ended or differential 1/0O standards [47]
with appropriate voltage swing and DC offset. The delay and slew rate [47] of each I/O is
also programmable. A digital controller block which can be accessed by user through
JTAG port outside of FPGA is built to configure these ports.

If the several Gbps signal is needed for the testing, such as USB3.0 (5.0Gbps) and
PCIE (8Gbps) standard, then the high-speed GTX transceivers are selected (top block of
Figure 4.10). Since GTX itself is a complicated hardware IP, it is designed to be accessed
by an individual dynamic reconfiguration port (DRP). The DRP control block is built inside
FPGA TX/RX interface and allows user to communicate with GTX transceivers. This DRP
port can also be configured by JTAG port outside of FPGA. Several critical configurations
for GTX transceiver are to define parallel data bit-width, parameters of generating high-
speed serializing clock and TX driver settings. The parallel data bit-width can be
configured to 16, 32 and 64bits or 20, 40 and 80bits with 8B/10B encoding/decoding is
enable, a wider bit-width is more recommended at higher data rate (>6.4Gbps) since the
parallel clock need be limited under 670MHz (the maximum reference clock of this Kintex-
7 FPGA) [79]. The high-speed serializing clock used to determine the output line rate is
generated by appropriate PLL settings. QPLL is known to have better performance at high
band and therefore is considered to be a better solution over CPLL. The formula to

determine the QPLL output clock frequency is shown in Equation 4.1:

N .
friicik = frer X Ty Equation 4.1

M is the reference divider and N is feedback divider, the available values for M and
N is shown in Table 4.2. These two parameters control voltage control oscillator (VCO) to
generate high-frequency serial clock. With a fixed reference clock, the VCO frequency of
QPLL clock can be defined by different combinations of the values of M and N.
Furthermore, there is a hardware built-in divided-by-2 circuit after VCO in QPLL, so the

frequency of QPLL output clock is half of the VCO frequency.
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Table 4.2: PLL Divider Settings

QPLL CPLL

Factor Value Factor Value
M 1,2,3,4 M 1,2
N 16, 20, 32, 40, 64, 66, 80, 100 N1 4,5
N2 1,2,3,4,5

D 1,2,4,8,16 D 1,2,4,8

The final data rate of output is defined by the Equation 4.2. The parameter D is post
divider which can be manually programmed to output low frequencies if needed. The VCO
is usually operating at relative high frequency (several GHz) to achieve the best jitter
performance. If we want to generate low data rate signal and change to low-speed 1/O is
not applicable, the ideal solution is to operate the VCO at typical operation frequency and
use post divider to divide the PLL output frequency down. The available values of post
divider “D” are also shown in Table 4.2. Typically it is set to “1” to achieve full speed of
GTX. A simple example is given to describe this process: if there is a 200MHz reference
clock with the settings of M =1, N = 32 and D = 8, we are able to generate an 800Mbps
output signal. The combinational setups of these dividers (M, N, and D) allow a wide range

of data rates with a fix reference clock.

X2 .
fpatarate = fPLL_TClk Equation 4.2

The CPLL is an alternative option to generate serializing clock in single-channel
application with lower line rate. It follows the similar process of generating serializing
clock, the formula of determining the frequency of CPLL output clock is shown in Equation
4.3. Note here the N1 and N2 are feedback divider sets and there is no “divided-by-two”

circuit in CPLL, the values of CPLL parameters can also be referenced in Table 4.2. The

85



post divider and other setup is very similar to QPLL, therefore the final line rate of using

CPLL can also be referenced in Equation 4.2.

N1XN2 .
friLcie = fref X M Equation 4.3

Not only for those critical bit-width and PLL configurations in GTX transceivers,
the DRP is also used to configure TX driver which provide a 4-bit (16-step) differential
voltage swing (peak to peak) from 270mV to 1100mV, and a 32-step pre/post-emphasis
configuration is also provided to compensate the signal distortion of giga-bit signal
transmission. On the RX side, the DRP is able to communicate with equalizer options
including DFE and LPM block to optimize the recovered bit stream. Furthermore, the DRP
is able to configure the TX/RX PCS blocks such as 8B/10B encoder/decoder, both PRBS
generator/checker, TX/RX Gearbox, loopback path control, data alignment, the moderate-
speed 1/O configuration and even the controls for other customized logic block can be
accessed by DRP port. Since the DRP is able to access these parameters dynamically, it is
very convenient for signal quality adjustment without stopping the whole test to
reconfigure these settings.

Despite the DRP and control unit for the configuration, another controller (bottom-
left of Figure 4.10) is implemented to generate control signals for the devices on the main
board or future plug-in board. As the core of the testing platform, the FPGA is able to host
the DC control pins (only low current required) and be used to implement the
communication interface (i.e. SPI) between the FPGA and other devices. Note that the
control bus and 1/O interfaces share the same resource of moderate-speed 1/0 channels.
Therefore if these 1/0s are used for control 1/Os, the testing platform loses the same amount
of moderate-speed testing channels simultaneously. In this chapter, we had only
implemented DRP and JTAG for FPGA-based Test Platform, the reserved controller (i.e.

SPI) for plug-in boards will be discussed individually in Chapter 5.

86



4.3 Experiments and Testing Results

In this section we will demonstrate the performance of FPGA-based Testing
Platform. Since the main application of this platform is high-speed transmission, the
experiments will focus more on the performance of GTX transceivers. To obtain the best
jitter performance, the FPGA main board uses the 200MHz reference clock form Keysight
81133A pattern generator. This generator is able to produce clocked, PRBS and limited
user-defined data with only ~1.5ps RMS jitter. The SERDES bit-width are configured and
fix to 32-bit wide since the data rate might go up to 10Gbps. Based on the knowledge we
have so far, we are able the obtain 6.4Gbps signal form those settings. The QPLL is selected
due to the better performance at high band and the multi-channel ability. All the
measurements collected in this section is by a Keysight 86100D scope with 54752A 50GHz
testing module. The triggering signal of the scope is also provided by the 81133A pattern

generator to achieve the best results.

4.3.1 Performance

First of all we will demonstrate the performance of this FPGA testing platform. The
data rate change is based on the various reference or VCO clock frequencies (in this
experiment we fixed reference divider and feedback divider) and the value of post divider.
We programmed GTX transmitters to produce high-quality signals at 3.2Gbps (the typical
speed for most ATE systems) in Figure 4.11(a), then try higher performance at 6.4Gbps in
Figure 4.11(b), 10.0Gbps in Figure 4.11(b) to show that this platform can be applied to
some fastest standards in the industry. Also we had pushed the performance of the system
to even as high as 12.0Gbps and is demonstrated in Figure 4.11(d). These figures show the
maximum speed that this platform is able to achieve and the nice quality of the signal
(~20ps peak to peak jitter, ~40ps rising/falling time) with clear and continuous opening
eyes. These measurements also ensure testability when we apply this platform to test higher

performance applications.
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(@) 3.2Gbps single-ended PRBS eye diagram, 156ps/div and 500mV p-p swing.

@) Soie CRwomiide | o pos: ARoein || Sded @@

(b) 6.4Gbps single-ended PRBS eye diagram, 78ps/div and 500mV p-p swing.
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(c) 10Gbps single-ended PRBS eye diagram, 50ps/div and 500mV p-p swing.

(d) 12Gbps single-ended PRBS eye diagram, 40ps/div and 500mV p-p swing.

Figure 4.11: FPGA-based Test Board performance at different data rate.
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4.3.2 Voltage Swing Control

The TX amplitude swing is programmable for GTX transceivers. Four-bit binary
code controls peak to peak voltage swing from 140mV to 600mV single-ended, or 270mV
to 1100mV differential. The amplitude control is about 25mV per step, and the comparison
of actual measurement with the specification is show in Figure 4.12. In the figure, we can
see the trend of the actual result is following the prediction. The data rate is fixed at
3.2Gbps with 32-bit SERDES mode and PRBS-31pattern in the measurement. All the
signal is measured at single-ended and the result is shown in Figure 4.13. We first
programed minimum voltage swing in Figure 4.13(a), followed with a half swing and three-
quarter swing in Figure 4.13(b) and Figure 4.13(c) respectively, and in the final the drivers
was programmed to maximum swing in Figure 4.13(d). The figures show excellent signal

quality over different amplitude settings.
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Figure 4.12: The comparison of measured voltage swing and specification.
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(a) Amplitude control code ”0000” with 140mV single-ended p-p swing.
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(b) Amplitude control code ”0111” with 400mV single-ended p-p swing.
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(c) Amplitude control code ”1011” with 530mV single-ended p-p swing.
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(d) Amplitude control code ”1111” with 600mV single-ended p-p swing.

Figure 4.13: Amplitude control measurement at 3.2Gbps, PRBS-31 single-ended signal.
Time based is 156ps/div.
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4.3.3 Pre/Post-emphasis demonstration

The pre/post-emphasis helps the signal to against the signal distortion from the
physical world. In this section, we programed the FPGA to fix at 3.2Gbps. 32-bit SERDES
mode and long pattern (16 “0”’s 16 “1”’s) was selected since practically longer pattern is
easier to observe the emphasis effect on the scope. The overshoot ratio of the pre/post-
emphasis was calculated by (Vpeak-Viop)/Viop. Figure 4.14 shows the measurement of no
emphasis (a), half emphasis (b), three-quarter emphasis (c) and maximum emphasis (c) in
16-step pre-emphasis control. The overshoot can be observed at the beginning of
rising/falling edge (where marks “Peak’), and the maximum overshoot of pre-emphasis is
~30%. The measurement of 32-step post-emphasis control is shown in Figure 4.15, which
also follows the sequence of no emphasis (a), half emphasis (b), three-quarter emphasis (c)
and maximum emphasis (c). The overshoot can be observed at the end rising/falling edge,

and the maximum overshoot of post-emphasis is about 170%.
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(c) Pre-emphasis control code ”1011”, with 21% overshoot.
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(d) Pre-emphasis control code 11117, with 31% overshoot.

Figure 4.14: Pre-emphasis overshoot ratio measurement of Kintex-7 FPGA
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(a) Post-emphasis control code 000007, with 0% overshoot.
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(b) Post-emphasis control code 01111, with 27% overshoot.
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(c) Post-emphasis control code ”10111”, with 65% overshoot.
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(d) Post-emphasis control code 111117, with 171% overshoot.

Figure 4.15: Post-emphasis overshoot ratio measurement of Kintex-7 FPGA
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4.3.4 16Gbps Single-channel demonstration

The GTX of Kintex-7 is expected to run at 10Gbps according to the specification
[79]. However, we still want to know the limit of the current FPGA and try to push the
speed to a higher level. Compared with the multi-channel GTX setup in previous
measurement, the result shown in Figure 4.16 was measured based on only one channel
enable. The FPGA still use 32-bit SERDES mode but with 500MHz reference clock. The
core voltage supply is also slightly raised form 1.0V to 1.05V. In the figure we can observe
continuous 16Gbps eye with PRBS-31 data pattern, the jitter performance is ~16ps peak to
peak and the rise and fall time is about 30ps. Later we tried to raise the data rate to 17Gbps
but the eye were closed under this data rate. Therefore we can confirm the speed limit of
28nm Kintex-7 FPGA is around 16Gbps and this data rate just match most up-to-date PCIE

4.0 standard which is coming into the market.
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Figure 4.16: 16Gbps GTX signal with PRBS-31 data. The voltage swing is 350mV single-
ended. Time base is 16ps/div.
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4.4 Summary

FPGA-based Test Platform provides high-performance and high-quality signals up
to 10Gbps, which has testability for most of current and coming testing applications. Also
the re-configurability and high flexibility of FPGA makes this board a high potential to fit
in various testing scenarios. The extension slots on this platform are feasible for designers
to build new extension boards and upgrade existing platform for future testing challenges
with a relative low cost. This feature also gives an additional benefit of applying this
platform to the industry. Furthermore, the power consumption of the testing platform is
very low therefore it can get rid of those heavy power supplies and liquid-based cooling
system. There is a brilliant future to build a very low-cost and high performance testing
system based on this test platform and coming extension boards. More works can be and
should be done based on the current work, such as designing new extension testing
modules, increasing the number of FPGAs to achieve more testing channels and updating
the platform with more advance FPGAs. In short, this architecture has a great opportunity

to be developed as an ideal test platform to replace those out-of-dated testers.
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CHAPTER 5

EXTENDED APPLICATIONS FOR FPGA-BASED TEST PLATORM

5.1 Introduction

The FPGA-based Test Platform illustrated in the Chapter 4 has provided the
possibility of replacing conventional ATE systems [67] [68]. From all aspects including
system performance, power consumption and building cost of this platform have shown
the competitiveness over ATES. Despite all these advantages, the most important feature is
the flexibility of the platform. The specific-purpose plug-in cards can be realized on the
platform to extend the existing functions. In this chapter, we will introduce two new
extension boards to show the enhancements on this FPGA-based Test Platform.

The first section will mainly discuss a pin electronic (PE) testing board [58] [65],
this board takes up to four GTX channels from FPGA and adds a fine tuning of signal
characteristics such as amplitude, pre/post emphasis, phase and DC level adjustment at
3.2Gbps. Simultaneously, this board also offers the ability of detecting the signal amplitude
as low as 10mV and the ability of recovering the received signal. In the second part, we
will focus on an Ultra-High-Speed (UHS) testing board design [64] [66], this board has
extended current 10Gbps+ FPGA GTX signal to 40Gbps. Since FPGA-based Test Platform
itself might have limitations at performance and signal quality for future applications, these
two boards actually have extended the product life of this platform. With the similar
method, more other specific-purpose boards can be developed on this platform and extends
the utilization of FPGA to different testing applications.

The experiment results will be well-illustrated in the final section of this chapter.
We will integrate the FPGA main board and the two extension boards to show 3.2Gbps pin
electronic testing and a very-low amplitude data recovery on PE board, followed by a

40Gbps PRBS-31 signal presented on UHS testing board.

100



5.2 Pin Electronic Testing Board

5.2.1 Core components evaluation

The main components of the PE board are a programmable Delay chip [69] and a
high-performance Driver [70] for transmission side, a latched comparator [71] and a
clocked comparators [72] for receiving side, and a resister-splitters with relay to perform
bi-direction signal transmission. The control pins of the components on this board can be
either controlled by a digital to analog (DAC) chip or external power supply.

The programmable Delay IC on this PE board design is used to adjust the skew of
the Driver output signal as well as the delay control of the Shadow Sampler Clock. Micrel
SY89297 device was selected because it provides the needed dual-channel delay capability
with fine resolution and wide delay range. It is also a relatively small, low-power device
to fit this small extension module. The delay value is programed by a SPI interface and the
delay range is specified from 5ps to 5ns (5ps step). The SPI interface is realized inside
FPGA and will be well-illustrated in later section. This device requires calibration to
determine the actual LSB value, from which the 1024 unique delay codes can be estimated.
Because of the internal logic structure within this IC, there are 10 independent parameters
that are related to the LSB by integer powers of 2. In principle, any of these can be
measured and then used to estimate the LSB. We used the largest parameter, representing
a delay of 2°x5ps = 2560ps approximately. The measured delay was then divided by 512
to find the LSB value (near to 5ps). When we calibrated the Driver signal delay path using
this approach, we estimated the LSB to be 4.42ps. Then, using this value, we can estimate
the other 9 delay parameters. Knowing all 10 parameters, we can accurately predict the
actual delay for each of the 1024 delay codes. A plot of the entire range of delay codes,
showing some sample codes is provided in Figure 5.1. Here the decimal value of the binary
delay code is shown on the X axis, and the delay value (in picoseconds) is shown on the Y
axis. The red curve plots the actual measured delay, and the blue curve plots the expected

delay in specification. The example of demonstrating the 5ps delay step is shown in Figure
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5.2, which the first edge is program to Ops delay, and the following edges are programmed
to 5ps, 10ps and 15ps respectively.
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Figure 5.1: Delay linearity verification of the delay chip.
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Figure 5.2: Demonstration of ~5ps delay step resolution (5ps/div).
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The Driver is the core of the transmission side, which must be able to handle 1/0
rates of at least 3.2Gbps without significant distortion. It also must have a programmable
output swing of ~100mV to ~1.5V and about 1.5V DC offset range, and not add significant
jitter (<1ps RMS, <10ps DDJ). In addition to these basic properties, the device must have
a small footprint (<1cm?), and not dissipate too much power (<1Watt) in order to allow for
high-density (high pin-count) interfaces on the PE board. Furthermore, the ability of
receiving and providing differential output signals is also required. Other features that are
desirable include: pre-emphasis control, voltage swing control, DC level adjustment, and
reasonable cost. The Micrel SY58626 device was selected since it meets all the
requirements and desired features, the block diagram of this IC is shown in Figure 5.3. In
the figure we shows a 3-bit control for pre-emphasis magnitude, a 2-bit control for pre-
emphasis duration, 2 analog control ports for both voltage swing (TXVCTRL) and DC
level (Vret-ctn). The Driver has two differential channels support while only one (TXIN,
/TXIN) is used in PE board. Also both emphasis/driver configuration mode (TXQ, /TXQ)
and bypass mode (TXLBQ, /TXLBQ) are included in this IC.

/TXLBEN
(LVTTL/CMOS)
— [XLBQ v
L cC
/T)(LBQ
JTXQSHDN
. LVTTL/CMOS
Vi CML Driver ( / )
Loopback JTXEN
LVTTL/CMOS)
MUX (
Unused path —»
Pre-emphasis
RXLBIN
fRXLBlN Virour
3 2 v v
LBSEL REF-FIXED TREF-CTRL
— (LVTTL/CMOS)
\‘;}L e 3-bit Pre-Emphasis TXVCTRL
EE (Analog Output
Vo, —» Magnitude control 2-bit Pre-Emphasis Voltage Swing Contral)
Vigr.ar Duration control

Figure 5.3: The block diagram of Driver chip.
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The relationship of pre-emphasis and swing control on the output signal is shown
in Figure 5.4. The driver can provide up to 3V peak to peak differential signal and
maximum 33% pre-emphasis magnitude and up to 400ps pre-emphasis duration. The

performance of this driver will be later shown in experiments section.
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Figure 5.4: Pre-emphasis and voltage swing relationship on output signal.

The RX side is composed of a primary comparator and a shadow comparator. The
primary comparator is used on PE board to capture the DUT response, digitize it based
upon a user-defined threshold voltage, and to produce full-swing differential output to the
FPGA GTX receivers (RX). Therefore this comparator must be able to operate with single-
ended input signal and produce fully-differential outputs for the FPGA. It also must
operate in “transparent” mode, i.e. without additional clocking. Furthermore, a sensitivity
to small (<50mV) single-ended input signals is required, while supporting ~10GHz
bandwidth and low jitter with small package(~3x3mm), and dissipate minimal power
(<100mW). The Analog Device HMC674 is able to detect as low as 10mVpeak to peak
input signal and output 450~1000mV differential sampled signal with 0.2ps RMS jitter and
2ps deterministic jitter. The rise/fall time is as sharp as 20ps and propagation delay (input
data to output signal) is about 85ps. The secondary comparator is used for under-sampling
the DUT response signal in the form of a “shadow” sampler. It shares all the requirements

of the primary comparator, but additionally requires low-jitter clock input(s) for latching
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the sampled data bit. Analog Device HMC874 is the clocked version of HMC674 which
works well for these requirements. The timing diagram of HMC874 is shown in Figure 5.5,
the comparator samples data at the rising edge of the input clock. The example of detecting

a 10mV p-p, 3.2Gbps signal with clocked pattern is shown in Figure 5.6.
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Figure 5.5: The timing diagram of clocked comparator.
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Figure 5.6: The demonstration of for clocked comparator to detect 10mV signal. The input
signal is 3.2Gbps and clocked pattern, sampling clock is 3.2GHz.
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In addition to the core TX/RX components, additional peripheral components are
used to assist the full function of this board. The resister-splitter is used to match 50 ohm
impedance of both transmission and receiving side. The single-ended output form driver
will be fanout three ways for one transmission and two receivers, therefore the impedance
need to be well organized to minimize the signal distortion, the detail information will be
discussed in Hardware Design section. A high-performance Teledyne relay (GRF312, DC
to 8GHz) [73] is implemented for switching between different channels. All the DC pins
are control by a Linear Technology 8 outputs DAC (LTC2656) [74], and the swing control
pin of the Driver requires high current so that an amplifier LT3080 [75] will be used to
magnify the current form DAC outputs. The DAC is also configured by the SPI interface

built within the FPGA and will be discussed in later section.

5.2.2 Hardware Design

The PE board is designed for four-channel and bi-directional pin electronic testing.
Figure 5.7 illustrates block diagram of one TX/RX channel (total four) on the PE board.
The PE board consists of a programmable Delay IC that takes high-speed differential signal
from the Xilinx Kintex-7 via a Samtec multi-pin connector. The following Driver chip
offers pre-emphasis and amplitude control of the delayed signal. The output signal of the
Driver passes through a resistive “splitter” junction that produces three-way outputs. Two
of the splitter outputs are “probed” using 200 Ohm series resistors together with 50 Ohm
terminations within the two comparator ICs. These 200/50 Ohm resistors form a 5:1
resistive divider with an effective impedance of 250 Ohms, so each comparator receives
an attenuated version of the voltage at the splitter junction. Most of the signal energy passes
through the two 10-Ohm series resistors, then through the relay and SMP to the DUT. For
signals returning from the DUT, the active driver forms part of the termination structure
(along with the resistive dividers of the two comparators). The symmetric arrangement of

the junction resistors provides a 50-Ohm impedance match looking into the junction either
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from the Driver or from the DUT. Therefore, the high-speed logic signals pass through the

junction without significant distortions or reflections at both TX/RX direction.
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Figure 5.7: Pin Electronics board block diagram.

The Driver compliment output is shown with a terminating load resistor (R =
600hms), so that the differential current mode logics (CML) circuit remains balanced. In
fact we found out experimentally that the CML outputs do not work so well with the
termination set to ground. Therefore the design was changed so that the termination was
set to Vrers, which is set slightly above the logic “high” level. For this reason, most of our
measurements on the PE board were done with an AC-coupling capacitor replacing the
first 10-Ohm series resistor, and also AC-coupling the complimentary Driver output signal.
Also shown in the figure is an optional 210 Ohm resistor that connects some of the Driver
compliment signal to the leg of the junction that produces the signal for the primary
comparator. This signal should cancel the attenuated Driver signal for the primary
comparator. The only remaining signal component would be that of the DUT. This is an
approach called “Simultaneous Bidirectional Signaling” that allows the primary receiver

to “see” only the DUT signal, while ignoring the Driver output. Therefore the Driver can
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send data even at the same time that the primary comparator is receiving data from the
DUT. In this way the PE and the DUT can share the single transmission line for
bidirectional communication, while avoid “dead zone” timing conflicts.

The primary receiver is a high-sensitivity comparator, capable of detecting logic
signals less than 10mV. It is used to detect and amplify the high-speed signal coming from
the DUT, and to create the differential logic signals needed for the Xilinx Kintex-7 GTX
receivers. This primary comparator is intended for applications up to 10Gbps. The
secondary (shadow) receiver is the other high-sensitivity comparator and capable of
detecting logic signals less than 10mV. However, unlike the primary receiver, the
secondary receiver has an edge-triggered “clock” input that defines an extremely short
sampling window (~5ps). The clock signal is produced in the Kintex-7 FPGA, and is
optionally delayed using the Delay IC with 5ps resolution and 5ns range. The secondary
receiver is intended to “sample” the signal at the junction and thereby monitor either the
Driver output or the DUT output signals. This sampler may gather test information without
interrupting the normal functional test sequence.

The main enabler for self-monitoring in our initial design is due to the presence of
the “shadow” sampler. Because this measurement element operates independently from the
primary sampler, it can be used to gather channel-characterization information even while
the normal functional testing is performed (by the primary sampler). Therefore it does not
impede the normal functional test process. On the other hand, while the primary sampler
normally samples in the middle of the data eye, the shadow sampler can be programmed
to observe the signal characteristics near the data-eye boundaries. This is where distortions
in the signal will first occur, and is where information about non-ideal operating
characteristics is available. In an extreme situation, a failing channel can be quickly
identified. However, even slightly-degraded channels may be detected with the shadow
sampler. Furthermore, since we are not planning to implement the simultaneous

bidirectional signaling approach in the shadow sampler, we will have access to other
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information that is hidden from the primary sampler (namely the Driver signal). So we can
use the shadow sampler to observe the Driver signal quality and the DUT signal quality,
as well as distortions from defective channel transmission lines. In an off-line mode, the
shadow sampler will facilitate TDR measurements, Driver/Comparator de-skew and
voltage calibration, and channel length calibration. Therefore, the shadow is very effective
at enabling many channel characterization techniques.

The five analog control pins are provided by the LT2656 DAC (top-right corner of
Figure 5.7). The Vrer1 and Vrer2 provide the reference voltage for both two comparator, and
the Vs offers the optional termination voltage of Drivers (since we found the best
termination voltage is not ground for the driver). Vamp and Vostset provide amplitude and
DC level control for the driver respectively. Since Vamp draws a relatively large current
which cannot be generated by the DAC, we added an OP-Amp to amplify the current of

Vamp and enable the function of amplitude control.

5.2.3 Board Stack up and Layout

The PE board is built of a 10-layer PCB with 2 outer Rogers-4350 Pre layers and 7
inner FR4 layers, and the target thickness is 62.5mils to fit the edge mounted connector.
The stack up of the PE board is shown in Figure 5.8. The thickness of 1 OZ Cu is about
1.35 mils, and the Pre-Preg layers are either 4 mils or 8mils (depends on against plane or
signal layer). The top and bottom layer (Signall and Signal2) are high-speed signal layers
since these two layers are built of low-loss Rogers material, the high-speed traces (TX, RX
and clock) should be routed on these two layers to achieve best performance. The
transmission line on both two layers is Microstrip line, the high-speed traces are designed
to be 8 mils width based on the stack up and dielectric of the material to match 50 Ohms
impedance and reduce the reflection and distortion. The two power layers are splitter power
layers, multiple power plans are realized in each layer. We had built positive power planes

(2.5V, 3.3V and 5V) on Powerl layer and negative power planes (-1.8V, -3.0V) on Power2
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layer. All the low-speed control traces (analog pins, DC 1/0s and SPI interface) are routed
on both Innerl and Inner 2 layer. The composite-layer layout of the PE board is shown in

Figure 5.9, which the detail layout of each layer is attached in Appendix B.
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Figure 5.8: The stack up of 10-layer PE board.

Figure 5.9: The layout of PE board.
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