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A 4PAM Multi-Gbps Laser Diode Driver with

Active Back-termination

Student: Zong-En Wu Advisor: Prof. Wei-Zen Chen

Department of Electronics Engineering &Institute of Electronics

College of Electrical and Computer Engineering
National Chiao-Tung University

ABSTRACT (ENGLISH)

Conventional laser diode drivers adopt passive back-termination as
impedance matching; however 1t consdmes additional power on passive
load. In this thesis we propese a néw active back-termination as
termination, besides it consumes less power dissipation compared to
conventional laser diode driver. The output optical power of laser diode is
determined by the current flows through it. We use the output as
representations of digital signals “0” and “1”. In order to deliver more
data in limited bandwidth, the pulse amplitude modulation is used. We
define four different amplitude optical levels; each signal level represents
two bits data information by modulating before transmits. In this way the
total data rate is doubled under the same bandwidth. The Gray code is

adopted to reduce the bit error rate (BER)
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The laser diode driver is fabricated in TSMC 0.18um process. Under
1.8V, the delivered data rate is about 4Gbps, power consumption is about

mW, the die area is 1600x800pum?®.
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Chpaterl

Introduction

It is evident from the explosive evolution of data traffic and multimedia services
over the past several years that sending massive amounts of data around the globe is
becoming the next communication paradigm. Millions of end users have become
obsessed with sending rich content between one another from wherever they are.
Starting with simple text-based e-mailg*did, Web pages, the offered content and
services have evolved to encompass _high-tesohutton pictures, high-definition video,
voice, music, gaming, e-commerce; and{Pee=topeer file sharing. In order to support
the applications listed above, optical transport has evolved as the enabling technology
for high-bandwidth communications across the board, from interconnects in data
centers and massive fiber-to-the-home (FTTH) build-outs over transparent
metropolitan and regional optical networks all the way to nationwide long-haul
optical backbones and submarine systems spanning the globe. Besides, optical fibers
permit transmission over longer distances and at higher bandwidth than other forms of
communications. Fibers are used instead of metal wires because signals travel along
them with less loss, and they are also immune to electromagnetic inference. Therefore,
optical signal seems to be better than electrical signal, while speaks of large data and

long distance transmission.



1.1 Motivation

Conventional high speed optical integrated circuits (10-40Gb/s) are implemented
in GaAs MESFET, HEMT, InP HBT, SiGe or BiCMOS technologies. However, over
the past decades, CMOS technology becomes mature and it is feasible for system
integration, including both high frequency analog and high density digital circuits on
a single chip. This motivates our research of cost effective optical transceiver in this
technology.

Usually there are two commonly used lasers (distributed feedback (DFB) and
Fabry-Perot (FP)) adopted in optical network. Those lasers which operate at
wavelength 1310nm and 1550nm are more costly and more power consuming.
Recent advances in manufacturing haye introduged the vertical cavity surface emitting
laser (VCSEL) as a low power and [ow costa@lterfiative for optical applications. The
VCSEL operate at wavelength 850nm.which 1s/f€asible to replace DFB and FP laser
in some optical applications. A key element in further cost reduction for these optical
applications is the integration of a low-power VCSEL driver circuit with the physical

layer IC.

1.1.10ptical links

A backbone network is a part of computer network infrastructure that
interconnects various pieces of network, providing a path for the exchange of
information between different local area network (LAN). A backbone can tie together

diverse networks in the same building, in different buildings in a campus environment,



or over wide areas. Normally, the backbone's capacity is greater than the networks
connected to it. A large corporation that has many locations may have a backbone
network that ties all of the locations together, for example, if a server cluster needs to
be accessed by different departments of a company that are located at different
geographical locations. The pieces of the network connections that bring these
departments together are often mentioned as network backbone. Figure 1-1 shows a
short-haul backbone links, which is usually used in enterprise backbone and the

transmission length is less than or equal 20km.
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Figure 1-1 Short-haul network

Figure 1-2 shows a genuine optical links, [1], multiplexer transforms parallel
digital data into serial bits. Those serial signals drive laser to illuminate through laser
driver. For keeping laser’s extinction ratio constant, photo diode is used to monitor
laser’s optical power. Besides, there is another power control loop to adjust laser
driver. Thus the output power of laser is kept away from temperature variation and the
aging issue of laser itself. At the receiver end, photo diode senses the light and

generates current. The transimpedance amplifier (TTA) transforms the current signal



into voltage signal and limiting amplifier (LA) keeps enlarging voltage signal. Also
there is a control circuit-auto gain control (AGC) to keep voltage signal amplitude

constant.
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Figure 1-3 Optical interconnection of chip to chip

Recent developments in the microprocessor industry have indicated the end or

the uni-processor design and the emergence of multi-processor architectures. Chip



designers have reached the limit of instructive-level parallelism that can be exploited
with better pipeline design, as well as the improvements from clock scaling due to
packaging and technology constraints.

Typically modern day on-chip interconnection networks are implemented as
electronic packet switched topologies. In some multi-core architectures, the network
accounts for over 50% of the total power consumption of the chip. This proportion
will be exacerbated as workload demand on these on-chip networks can be traced off
the limited peripheral area, which results in a large mismatch in on- and off-chip
bandwidth. In order to alleviate these issues of power and bandwidth, one proposed
solution is the use of photonic interconnection network.

In Figure 1-3 shows an optical interconnection between two chips. With the
photonics to the chip-level can potentially*Bting increased bandwidth, reduce latency,
and improved power efficiency. The mhain:advantaee of on-chip photonics lies in the
decoupling of distance with powerzonstiiiption/4or chip-scale distance, signals can
be modulated once and carried completcly ‘to their destination regardless of how far
away it is. Conversely, electronics requires buffering every few millimeters, which
consumes more power as data travels further. In addition to this key advantage for
on-chip communications, photonics brings the added advantage that this concept also
applies for chip IO, while maintaining the same bandwidth delivered on-chip. Speed
of light in silicon end-to-end propagation can also yield significant improvements in
latency. Because optics is not constrained to the common electrical restrictions that
prevent high signaling rates across interfaces, it effectively solves the bandwidth
mismatch.

Besides the limitation of bandwidth in electronic interconnection, the high
density electronic interconnection may suffer from severe cross talk and

electro-magnetic interference (EMI). Optical signals, of course, are not affected by

5



EMI, or other forms of electronic noise. Thus, the use of optical links for
communication between multi-chip modules has great value in removing some

interconnection bottleneck for data flow in systems.




1.2 Organization

This thesis consists of five chapters. The first chapter describes the motivation of
this work and thesis organization. In the second chapter, since our objective is to
design a laser diode driver, we illustrate some terms often mentioned when design a
laser driver, besides, we also point out the drawback of conventional laser diode drive
and review some proposed active back-termination.

In the third chapter, we make a brief of pulse amplitude modulation (PAM)
which is adopted in the thesis, and the proposed 4-PAM laser driver architecture. And
the circuit details that realize the proposed architecture are also presented in order, in
the third chapter. In the fourth chapter, experimental results including chip photo,
testing environment and measured eye-diagram§, are shown. Finally, the last chapter,

we make a conclusion of our work=and'discuSs the| future work.



Chpater?2

VCSEL Characteristic and Laser Driver

2.1 VCSEL Characteristics

2.1.1 VCSEL Structure

The VCSEL is a type of Semiconductor\daser diode and emits the light
per-pendicular from the wafer top stirfac@fathier than at the edges of the chip (parallel
to the wafer surface), as the Fabry-Perot (FP) or distributed-feedback (DFB) lasers do.
The VCSEL consists of a gain medium located in a very short vertical cavity with
Bragg mirrors at the bottom and the top as shown in Figure 2-1 the Bragg mirrors are
formed by many layers of alternating high and low refractive-index material. Each
layer has a thickness of a quarter of the laser wavelength in the material, yielding
intensity reflectivities above 99%.Because of the short cavity length, high reflectivity

mirrors are required in VCSEL to balance the short axial length of the gain region.

In common VCSEL the upper and lower mirrors are doped as p-type and n-type
materials, forming a diode junction. In more complex structures, the p-type and n-type
regions may be buried between the mirrors, requiring a more complex semiconductor

process to make electrical contact to the active region, but eliminating electrical
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power loss in the DBR structure.
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Figure 2-1 Cross section of VCSEL

There are several advantages tayproduciig, VCSEL when compared with the
production process of edge-emittifigulasers, Fdge-emitters cannot be tested until the
end of the production process. If theyedge-emittét does not work, whether due to bad
contacts or poor material growth quality, the production time and the processing
materials have been wasted. VCSEL however, can be tested at several stages
throughout the process to check for material quality and processing issues. For
instance, if the vias have not been completely cleared of dielectric material during
etching, an interim testing process will flag that the top metal layer is not making
contact to the initial metal layer. Additionally, because VCSEL emits the beam
perpendicular to the active region of the laser as opposed to parallel as with an edge
emitter, tens of thousands of VCSELs can be processed simultaneously on a three
inch Gallium Arsenide (GaAs) wafer. Furthermore, even though the VCSEL

production process is more labor and material intensive, the yield can be controlled to



a more predictable outcome. Therefore, we can conclude the following advantages of

VCSEL.

(1) The structure can be integrated in two-dimensional array configuration.

(2) Circular and low divergence output beams eliminate the need for corrective optics.

(3) Low threshold currents enable high-density arrays.

(4) Low-cost potential because the devices are completed and tested at the wafer
level.

(5) Lower temperature-sensitivity compared to edge-emitting laser diodes.

(6) High transmission speed with low power consumption.

2.1.2 1/V Characteristicssaf VCSE L

From an electrical point of view, the.semiconductor laser is a forward-biased diode.
The relationship between the laser current, Iy, and the forward-biased drop, Vi, is
described by the so-called I/V curve. Figure 2-2 shows an I/V curve of a laser. For
such a laser, the small signal resistance is one over the I/V curve slope, whereas the
forward-voltage drop is about 1V. Both of characteristics depend on the current,

temperature, age, and band-gap of the semiconductor materials used.

A simple large-signal AC model for the VCSEL is shown in Figure 2-3 It consists
of a resistance, forward-voltage and parasitic capacitor. The capacitor models the
junction and diffusion capacitance of the forward-biased p-n junction and typical is
fairly large, especially when compared with the capacitance of a corresponding
photodiode. Compared with edge-emitter lasers, the VCSELs tend to have a large
resistance and a smaller junction capacitance. To model a packaged laser, additional

10



elements, such as the bond-wire inductance, must be added to the equivalent circuit in

Figure 2-3.

[L[MA]

1/slope=resistance

105 1‘.5 >\/LIV]

Figure 2-2 I/V curve of VCSEL
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Figure 2-3 Small signal model of VCSEL

2.1.3 P/l Characteristic of VCSEL

The static relationship between the laser current, I;, and the light output, Py, is
described by the so-called P/I curve. Figure 2-4 illustrates such a P/I curve. In the

following, we define some terms shown in the P/I curve of the laser.
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Figure 2-4 P/I curve of VCSEL
(1) Threshold current.

Threshold current is the minintimi¢urrent-that'laser outputs only a small amount
of incoherent light. In the regime, the"fiet optical gain isn’t large enough to sustain

lasing, thus only spontaneous emission is produced.
(2) Biasing current.

Since laser essentially is a diode, it must encounter the turn on delay issue while
it turns on. The way to relax the problem is by providing a dc current such that
laser is already turned on. The dc current is the so-called biasing current which is
usually large than threshold current. By adding biasing current, it also reduces
the turn on delay jitter, the amplitude of the relaxation oscillations and the optical

chirp.
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(3) Modulation current

The output optical power of lasers is determined by the current flows through
itself. Therefore, we can define the data type by providing an ac current. The ac
current is the so-called modulation current. Usually the high and low output laser

power represent data “high” and “low” respectively.

(4) Turn on delay

When a laser diode is turned on, the photon generation begins as spontaneous
emission until the carrier exceeds a threshold level. Thus, stimulated emission
occurs after some delay. If the laser current begins from below the threshold
current, then the turn on delay experiences substantial random variations due to
the random nature of spontanegus-emissioni¢Thus, the optical data suffers from

jitter.

(5) Relaxation Oscillation

When the laser current changes from a small value (below the threshold current)
to a large value, the laser output power does not vary in the form of a simple step.
Depicted in Figure 2-5, the output time-domain waveform suffers from “ringing”,

requiring some time to settle. This effect is so-called relaxation oscillation.
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2.1.4 Temperature Effect-toslaaser

The optical power of VCSEL is determined byithe current. From Figure 2-4, we see
the relationship between power and current, however the ambient temperature around
the VCSEL affects the P/I curve seriously. As shown in Figure 2-6, as the temperature
increases the power efficiency gets worse. It is obviously that the same current flows
through VCSEL, the less optical power emits. Unfortunately, the unwanted drawback
is inherent and inevitable in the applications of VCSEL. Such that the extinction ratio
and the signal fidelity degrades when the VCSEL experiences a temperature change.
To solve this issue, many studies focus on using a photo diode and an automatic
power control circuits to adjust the VCSEL power. In this thesis we do not focus on

discussing the solutions.
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2.2 Laser Driver

The race for higher and low power consumption in cheaper communication ICs
does not appear to ever abate. This is particularly true for the circuits at the interface
of optical communication systems, where it is desirable to exploit the full data rate
allowed by optical fibers as much as possible while still ensuring manageable power
dissipation.

A laser-diode driver requires output transmission-line back termination that
absorbs signal reflection from the imperfectly terminated load, especially when a
low-cost laser diode is used to build a high-speed optical transmitter. Otherwise, it
may lead to degraded waveform fidelity and reduced eye-mask margin. Conventional
laser-diode driver implement the passive back=términation with on-chip resistors due
to its simplicity. However the passive ferfaination resistor inevitably becomes an
additional load for the output driver. which #€sults in significant decrease of the
modulation current range. To overcome the reduced modulation current range, various
design topologies of active back-termination have been proposed and successfully
demonstrated for laser diode drivers fabricated in GaAs or SiGe bipolar process in the
past few years. The following two sections will discuss the drawback of the
conventional laser-diode driver and review the proposed active back-termination

configuration so far.

2.2.1 Back-Termination

When using a transmission line to connect the driver to the load, undesirable

reflections may occur at its ends. To avoid reflections from the load end of the
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transmission line back into the driver, the laser must be matched to the characteristic
impedance of the transmission line. The following part of this section we will discuss

different kinds of impedance matching configuration.

Open Drain

Figure 2-7 shows the current switch of output stage and the laser load is driven
through a transmission line. If the load impedance matches the characteristic
impedance of the transmission line exactly this arrangement works very well.
However, if there is a mismatch, a reflected wave is generated at the load propagating
back into the driver. This may occur, for example, in the case of an electro-absorption
modulator (EAM) load, where laser load is bias dependent and cannot match the line
impedance under all conditions. Fugthermore,“dt, high frequencies the EAM load is
capacitive, resulting in a mismat¢h™“to thefreal=line impedance. Now, when the
reflected wave arrives back at the“@dgiver, it_sé€s a high impedance (an open) and
consequently is reflected again (nearly untenanted) forward into the load. Theses
undesirable double reflections may degrade the driver’s extinction ratio and jitter
performance. A driver stage that is unable to absorb reflections coming back form the
load is known as an open drain stage. In general, such a stage can be used only if a

good matching at the load end is guaranteed.

Ibias

Figure 2-7 Output stage without back-termination
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Passive back-termination

The problem of double reflections can be resolved by incorporating a
back-termination into the drivers. A simple way to realize this is shown in Figure 2-8,
where the conventional laser driver output stage with resistive load, matching the
characteristic impedance of the transmission line has been added to the output stage.
Now, any wave that may come back because of a load mismatch is absorbed by this
resistor, thus preventing a second reflection into the load. However, the price to pay
for this feature is a doubling of the modulation current. In Figure 2-8, assume we want
to illuminate the laser by providing current ;04 and the resistance of the resistive load,
Ry, 1s equivalent to the driven load, thus the current source of the output stage needs

2 Imod-

Ibias

Figure 2-8 Output stage with passive back-termination
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Active back-termination

A method to protect against double reflections without wasting too much power
is given by the so-called active back-termination. Figure 2-9 shows a same schematic,
but the active device replaces the resistive load instead. In this case, the current source
of the output stage is less than passive back-termination one, with the use of active
device. It is obviously that the output stage with active device consumes less power
than conventional one. Besides, the resistive load termination leads to other
drawbacks: less laser modulation current range and voltage compliance. The next

section we review some published active load circuits.

T 1

Active \;\

Device

Ibias

Figure 2-9 Output stage with active back-termination

2.2.2 Reviews of Active Load Laser Driver

In this section will review three proposed active back-termination, including

methods of unit-gain buffer, active feedback and feedback using opamp.

Unit-Gain Buffer

Figure 2-10 shows the operating principle of the active output buffer. A
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transmission line TL is terminated with an impedance Ry, represent the load, and is
driven by a current source I,, controlled by the data input signal. A replica V,’ of the
intended output voltage [,xZ, is generated by means of a dummy current source
I,’=Iy/k, coupled to I,, and a dummy load resistor Ry’=kxZ,. Unity-gain matching
amplifier MA with output impedance Ry= Z, buffers V,’. Reflection due to a
mismatch between Ry and the load appear across Ry and are thus absorbed. Since the
voltage between input and output of MA is essentially zero, no signal power is
dissipated in the output of MA. The power reduction as compared to brute force
termination results from the fact that MA only needs to accommodate reflections,

which are a fraction of the size of the signal impressed upon the load.

Figure 2-10 output buffer principle of [3]

Figure 2-11 shows the implementation of the output buffer. The load, in this case
a laser diode, is driven by one side of differential pair M1/M2, which is biased with
current Ioq. Differential pair M3/M4 forms the dummy current source that drives
dummy load resistor Ry. Source follower M6, biased with current Iy, performs the
function of unity-gain matching amplifier. Since its gate and source voltage track, M6
does not carry any signal current and does not contribute to driving the load. Its sole
function is to absorb reflections returning from the load. M6 is dimensioned so that
the sum of its transconductance and output conductance equals 1/25 S. However, it

consumes quite large current to achieve 1/258S.
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Figure 2-11 Output stage of [3]

Active Feedback

As shown in Figure 2-12, the, [as@fdicdgldriver output stage uses feedback
around a linear amplifier, in contrast to the more commonly used differential pair
current switch. This design implements a pseudo-differential feedback amplifier as a
linear current gain block following an ECL-style limiting front-end data path. The
amplifier is a transconductance (Gm) stage consisting of a degenerated differential
pair (Q1, Q2) buffered by a pair of emitter followers (Q3, Q4). The output modulation
current is adjusted by setting the value of the tail current I;. After being switched by
the differential pair, this current is gained up by the linear gain of the output stage to
generate the modulation current at the driver output.

The equivalent impedance for match is observed by the Figure 2-13 and we can
derive the loop gain, therefore the expression for the output impedance, Ro = (Rf +
Rs)/(1 + Gm. Rs), is obtain. The equivalent impedance is insensitive to imperfections

in the load impedance.
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i V R
loop gain=-pA=——"=-G (R +R, |x——=-G R
pg ﬂ Vt m( S f) R5+Rf m''s

. feedback resistor = (R, +R, ) /(1+G,R,)
(1)

To maintain the feedback action in the output stage it is biased at a current higher
than the modulation current. This prevents either of the output devices switching off
at maximum modulation current swing. The followers Q3 and Q4 are biased to
prevent them from switching off during edge transitions, thereby opening the feed-
back loop.

Feedback using opamp

In Figure 2-14 it is possible to allow high output impedances in the driver, and
still enforces 50Q2 load impedaneg”matching, by resorting to feedback. Each
single-ended can be used to proyide theZ€orreet termination for the other load
impedance. Therefore, the impedariée.at one _ofitput is mirrored to the other output,
and vice versa. The only drawback of the configuration is that it only applies to AC
coupled lasers. The simplified schematic of the active load laser diode driver is shown
in Fig, where PMOS transistors replace the output resistances. Feedback is introduced
by the two resistances Ry and the opamp A driving the PMOS gates. If the gain of the
feedback loop is large, then it is safe to assume that VCM is equal to the bias voltage
VBIAS, i.e, Ve is fixed. To show that each load resistor basically sees an impedance
equal to the other load resistor, the circuit in Fig. is used. In this circuit, the right-side
load is substituted by a small signal current source I;, generating the small signal

voltage V.
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Figure 2-14 Laser driver circuit of [6]
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Figure 2-15 Small signal analysis of [6]

Since Vewm is fixed, then the same node has a zero small signal voltage, which
immediately results in V,=-V;. Using Kirchoff’s current law (KCL) at the output node,

Im2 can be written as Inp=Vi/R+-=Vo/Rioadi=Vi/R¢ + Vi/Rioad. Since Iyi=Imp, KCL at the
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input node finally yields [=2Vi/R¢ + Vi/Rjog. Therefore the input impedance R;

becomes

v, R
Ri :T: Rload ”7f (2)

[
Which can be simplified to R;j= Rjoaq if Re>>R|0.q. Thus, as previously stated, the load
resistance at the left-hand output can be used to terminate the load resistance at the
right-hand output. Although this design exploits the active back-termination in
simplicity way, the process used needs more masks than CMOS process and is more

expensive.

\X T550]
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Chapter 3

Design and Implementation

Since high data rates are necessary in optical communication systems, multilevel
signaling has been developed to improve the spectral efficiency. The spectral
efficiency is expressed in terms of bits per second per hertz and, also, is decided by
signal bandwidth. Thus, multilevel signalingéallows higher data rate transmission at a
lower bandwidth by using multileveEsignals#toccarry many data bits in a single

symbol.

3.1 4-PAM Architecture

A higher data rate is possible by sending more complex symbols representing
multiple bits during each bit-time. Although many modulation schemes can be used,
multi-level pulse amplitude modulation (M-PAM) was chosen in our design for its
simplicity and higher bits/Hz compared to conventional 2-PAM (binary). Multi-level
PAM becomes attractive since it has smaller signal bandwidth and larger symbol
period than binary signaling for the same data rate. By increasing the symbol period,
the system has more tolerance to timing errors. In this section, the reasons for the

choice of the modulation scheme used in this work are described in more detail.
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3.1.1 4-level Pulse Amplitude Modulation

\/
N vr ‘VV
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Figure 3-1 A 4-PAM, €y€ diagrantavith finite transition times

By transmitting multiple bits in ¢achssyrnbol time, the required bandwidth of the
channel for a given bit rate decreases and system channel efficiency increases. The
simplest multi-level transmission scheme is M-level pulse amplitude modulation
(M-PAM), where each pulse conveys log,(M) bits of information. For a given data
rate, M-PAM modulation reduces the effective symbol-rate by a factor of log,(M)
compared to a conventional binary (2-PAM) system. This symbol rate reduction
reduces not only the in the channel, but also the maximum required on-chip clock
frequency. However, the more complex transitions to multiple levels, the more
complex circuitry to generate the multi-level signal.

This work uses 4-level PAM (As shown in Figure 3-1) for transmission, which
decreases the symbol rate by a factor of two compared to 2-PAM. An M-PAM scheme

with larger M was avoided due to limited signal resolution of the receiver, especially

27



at high speeds, and maximum transmitter output swing, both of which constrain the
PAM level spacings. For a fixed transmitter swing budget, level spacings decrease

with M:

LevelSpacing = Xmlf\t/lerS\llvmg (3)

The smaller the level spacings, the more vulnerable the signal will be to noise
from a variety of sources. Since VCSEL operates at low current, it is not appropriate

to divide many signal levels.

,ZPAM Power
Signaling Margin

4PAM

- : Timing
Signaling Margin

Figure 3-2 Comparison of 2-PAM and 4-PAM

As shown in Figure 3-2, the complex 4-PAM transitions result in an increase in
eye-width which is much wide compared to 2-PAM signaling. Although the nominal
eye height is reduced by a factor of three (as there are three eyes), the eye height is
effectively decreased by less than 50%. Therefore, a 4-PAM scheme typically has a

larger eye width, but smaller eye height, compared to 2-PAM at the same data rate. To
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sum up, M-PAM scheme increases the timing margin of each bit interval, but it also
needs to make a compromise with signal to noise ratio (SNR) under limited signal

swing.
3.1.2 Proposed 4-PAM Laser Driver Architecture

10100

1001110100 — n'“—
e

\ 01110

]
10Gb/ 12 |2 3 3
PRBSS DeMux —Encoder [—7—Predriver [ 2;:3:[
H R-C'dégeneration Imod Ioias
SGHz :D_ Cherry-Héoper /%’ =
CLK -D- Soufrce follower -

D= PreZefnphasis

Figure 3-3 Architecture of proposed 4-PAM laser diode driver

Figure 3-3 shows the proposed 4-PAM laser diode driver architecture which
consists of 1 to2 de-multiplexer, 2 to 3 encoder, pre-driver and output stage. Assume a
serial 10 Gb/s pseudo random bit sequence (PRBS) is separated by the positive and
negative edge of SGHz clock. Next, the two parallel data paths are encoded and result
in three logic signals. It is quite difficult for the output signals of encoder to drive
current switches directly, so we place pre-driver between encoder and output stage.
The pre-driver provides low output impedance which is beneficial for high speed
operation. Finally, the output stage controlled by the logics generates three different

level current signals to the laser diode. In the next few sections, we will discuss the
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circuit design in more detail.

3.1.3 VCSEL Specification

Table 3-1 shows some specifications of the target VCSEL. However, before
designing a VCSEL driver, there are some important characteristics needed to be

defined by measuring the target VCSEL. The measured V/I and P/I characteristics of

the VCSEL are shown in Figure 3-4 and 3-5.

VCSEL Charactristics

Parameter Min | Typical| Max | Unit
Wavelength 830 850 860 | nm
Threshold current - 1.2 2.75 | mA
Slope efficiency 0.05 0.08 | 0.12 | mW
Forward voltage 1.6 1.8 2.1 \
Rise time/ Fall time - - 90 ps

Table 3-1 Specification of VCSEL
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3.2 DeMux

In high speed laser and modulator drivers, the input data signal often is retimed
or resynchronized with a clean clock signal before being fed to the pre-driver. The
benefits of the data retiming are the elimination of pulse-width distortion and jitter
from the input data signal.

Retiming flip-flops usually are implemented with current mode logic (CML),
which is based on nested and cascaded current steering circuits. The advantages of
CML are its high speed, its low sensitivity to common-mode and power supply noise,
and its substantially constant supply current, which minimizes power and ground
bounce.

As shown in Figure 3-6, in our desigh e, separate the serial data sequence into
two parallel streams by a 1 to 2 DeMuscwith the 1ise of the positive and negative edge
of the trigger clock. Figure 3-7 shows $he:tHo/2 DeMux’s timing chart. To obtain
maximum timing margin, the clock signals should be aligned at the center of the data

pulse.

PRBS D Q p a}l—0 P1
—1> cK > cik

D Q D el—o P2
Clk > Cik |—> Clk

Figure 3-6 2 to 1 DeMux
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Figure 3-7 Timing chart of 2 to 1 DeMux

Figure 3-8 shows the detail circuit schematic of a single flip-flop. This flip-flop
consists of a cascade of two identical D latches. The operation of flip-flop can be
explained as follows: if M5 is turned on and M6 is turned off by the clock signal, the
D latch acts as an amplifier, passing the-input Togic state to the output by means of M1,
M2. Conversely, if M6 is turnedsontand Ms57is turned off, the D latch acts as a
regenerator storing the previous logieistate by means of positive feedback through M3,
M4. In the latter case, the output state is independent of the input state. The second D
latch is clocked from the inverted clock such that when the first latch is in

amplification mode, the second one is in regeneration mode and vice versa.

VDD VDD

A P

CK°—| M5 M6
ias |
w7

Figure 3-8 D flip-flop

CKbar
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3.3 Encoder

11 10
10 ' 11
2 bit errors ( 01 Onelir;rb't 01
00 00
Linear Gray

Figure 3-9 Linear versus Gray code mapping of levels

In this work, our goal is to generate 4-PAM signaling, namely, there are four
signal levels need to be defined. The lowestdeyel is decided by the laser bias current,
hence, three additional current switches ate-needed to account for the other three
signal levels. Since each symbol repreSefitsi2abit/data information, we have to encode
bit sequences. As shown in Figure 3-9, ‘there is a drawback in the traditional linear
coding. When the signal level changes from “01” to “10”, there is a two-bit transition.
If coding miss occurs and then the bit error rate might be worse than Gray coding,
because there are two bits changed. However, the Gray coding guarantees that every
nearest bit error results in only one bit error. Thus the expected bit error rate is
reduced to that of the linear coding.

For speed and voltage swing considerations, the current mode logic circuit is

adopted for the encoder design. For example, F = A+ B could be implemented in

Fig. 3-10, however, the stack configuration might suffer glitch when some transition
occurs and voltage headroom issue if the supply voltage is low. The circuit shows in

Fig. 3-11, only adopts parallel configuration and it also relaxes the problems
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mentioned above. Since there are two data signal paths and three current switches.
Therefore, we can decide the corresponding logics for each current switch by the truth

table show in Figure 3-12. Those current switches are shown in Figure 3-13.

o

Aﬂfﬁkos o5
?

Fig. 3-10 Stack configuration of CML

B
?

Fig. 3-11 Flat configuration of CML

A B Ds D: D
00 0 0O
0 1 0 0 1
11 0 11
1 0 11 1

Figure 3-12 Truth table of encoder
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3.4 Pre-driver

Since the transistors in the driver’s output stage have to switch large current
therefore must be made quite large. As a result, their input capacitance also becomes
quite large. An on chip circuit block, such as a retiming flip-flop, may not be able to
drive this large capacitance at the required speed. Another issue is the input voltage
swing necessary to switch the output stage. Note that for am FET output stage, large
devices are required to achieve a small switching voltage, but these devices also have
a large input capacitance. Vice versa, a low input capacitance implies small devices,
resulting in a high switching voltage. To resolve this dilemma, a so-called pre-driver
generally is used to drive the output stage. The pre-driver must be able to drive a large
capacitive load while keeping its inputie@patitance low. It also must provide sufficient

voltage gain to ensure full, or nearfull;-switehing of the output stage.

VDD
2 Ry g; Ruq I M 1‘a |J
Ds S |
b Y
o o

M1 M2 H

DCT—| i

° Issa C) Issa E

i | Source Follower i

Isst S) Iss1

R-C Degeneration

Pre-emphasis

Figure 3-14 Pre-driver

Figure 3-14 shows the pre-driver which is composed of three sections. The first
one is a differential pair with R-C degeneration which is designed for canceling the
pole at the input of Cherry-Hooper amplifier, because there is another path,

pre-emphasis connected with Cherry-Hooper input. Therefore R-C degeneration

37



would relax the parasitic effect. The next stage is Cherry-Hooper stage, which
combines series and shunt feedback, thus its output impedance is quite small. For this
reason, it can be used to provide gain in high speed pre-drivers. The final stage of the
pre-driver is a source follower for level shifting and a negative capacitance circuit
connected to the output of the pre-driver to compensate for some of the positive
capacitance presented by the output stage. In the next few pages, we will discuss the

circuit technique in more details.

3.4.1 Capacitive Degeneration

In order to create a broadband response, it is possible to degenerate the
transistors in a differential pair such thatthéir,effective transconductance increase at
high frequencies, thereby compensatingfor:thesgaih roll-off resulting from the pole at
the output node. Shown in Figure 3215 th€Configuration employs both capacitive and

resistive degeneration.

__ 09,(RCss+1)
" 1+RC¢s+9,R;/2

(4)

The transconductance contains a zero at 1/ RsCs and a pole at
(1 +0,,Rs /2)/( RsCs) . If the zero cancels the pole at the drain, i.e., if
RC; =R,C, , then the overall amplifier’s bandwidth is extended to
(1 +0,,Rs /2)/( R,Cs ) = (1 +0,,Rs /2)/( RDCL). In other words, as illustrated in

Figure 3-16, the speed is increased by a factor of 1+ 0, R / 2. This is a trade-off

between bandwidth and gain, since there is a reduction in gain by a factor of
1+9,Rs/2.
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Figure 3-15 (a) Differential pair with capacitive degeneration
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Figure 3-15 (b) half-circuit equivalent
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Figure 3-16 Variation of (a) Gm and (b) voltage gain with frequency
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3.4.2 Negative Capacitance

A negative impedance converter (NIC) consisting of M3 and M4 in Figure 3-17
transforms Cc to a negative capacitance between nodes X and Y. if the gate-drain
capacitance of M3 and M4 is neglected, the impedance seen looking into the drains is

expressed as:

¢ X ’
M1 ' '
[} [}

HE S L—l
Iss1 Iss1 + E H
:M3 M4:
= = ! Cc H
[} 1
: '

sszE ss2
‘ ‘
' = ="
(IRPRPIIRG { 1 =~ 1 | LA
NIC

Figure 3-17 Negative impedance converter

Z

1 g,+ s(Cgs +2C))
NIC — )
sC On —SCy

c

Thus, for frequencies well below the f; of the transistors, Z, is equivalent to

a negative capacitance—C. in series with a negative resistance —(Cgs / C. + 2) / d,
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3.4.3 Pre-emphasis

FIR filter

Transmitter pre-emphasis uses a symbol-spaced finite impulse response (FIR)
filter integrated (as shown in Figure 3-18) into the pre-driver, specified by the

following equation:

71 71

Vin(n) Oo—¢— Z'1 Z'1 o oo

V= Va %
\\:

Figure 3-18 FIR filter
V,(n)=aV,(n)+ Zn:aivin(n —i) (6
i=1

The inputs to this filter are the present and past transmitted symbols. The
coefficients of the filter depend on the channel characteristics. The length of the filter
N, (i.e. number of filter taps), depends on the number of symbols in the past that
affect the present symbol. Therefore, the output of the filter is the present symbol
value plus the weighted values of the past N symbols. Effectively, the FIR filter
output, which is the sum of the present symbol and weighted values of N former
symbols, will no longer have the distinct signal levels of the unfiltered signal stream,

and the output driver in the fact.



(b)

Figure 3-19 Signal waveform (a) without pre-emphasis (b) with pre-emphasis

In the simplest case, the FIR filter effectively suppresses the power of
low-frequency components by reducing the amplitude of continuous strings of
same-value data on the line. At the same_time;it keeps the power of high-frequency
components constant by increasing the'signal@mplitude during transition. Figure 3-19
shows an example of the effect ofya’single fap transmit filter (a2,3....=0) on an
isolated pulse in the field of zeros at both ends of the cable. The undistorted waveform
on the top shows zero eye opening. With pre-distortion, as shown on the bottom, a
clean eye opening is visible.

The main disadvantage of this approach is that the transmitter uses part of the
signal amplitude budget to generate the pre-emphasis symbols following the main

symbol. Therefore, the actual transmitted signal amplitude is:

Signal amplitude =Total amplitude « (|a,|—|a,|-|a,|—---) )
which effectively reduces the received signal amplitude, and therefore decreases the
signal to noise ratio. One of the important advantages of transmit pre-emphasis filter

is the ease of implementing long FIR filters at very high speed using this scheme. The

reason is that all the previously transmitted symbols are already available to the
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transmitter. It is only necessary to add or subtract the weighted values of these known

symbols from the present symbol value.

Pre-emphasis design

Since the current switches of laser output stage contribute large parasitic
capacitance at pre-driver output. The signal transient time would be limited. To
compensate this unwanted effect, we propose a pre-emphasis circuit to equalize the
pre-driver output signal. The pre-emphasis circuit enhances signal transient by the
combination of the delayed and original signals. Since our architecture is parallel,
complex pre-emphasis technique is not appropriate for our design. The pre-emphasis
circuit in our design is shown in Fighre 3-20 - For simplicity we delay signal for half
symbol period by latch. We wadnt “t0 1mprove | the transient when signals occur
transition, namely from high to low“ps. from low to high. Consequently we introduce
exclusive or logic circuit to detect whether the signal transition occurs or not. Those
detected results control the pre-emphasis current switches. When those switches turn
on, the current sums up at the pre-driver outputs. Also, it contributes a half symbol
period peak in the output waveform and high-frequency components got enhanced.

Figure 3-21 shows the waveforms of the succeeding stage after the encoder. In
order to synchronize the control signals of the current switches, we retime the output
signals of encoder. As we can tell from the output waveform of Cherry-Hooper, the

high frequency part is indeed enhanced.

43



Vobuges (=)

Voltugzs (hin)

Volige: i

X(n)

Clk

ML M2 |—o
ref

ISSl

Figure 3-20 Implementation of pre-emphasis circuit
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Figure 3-21 Waveforms of the each stage after encoder

44



3.5 Output Stage

Figure 3-22 shows the VCSEL output stage circuit, transmission line, and the
VCSEL equivalent model with forward voltage, parasitic capacitance, resistor, and
package inductance, included. The I-V curve (Figure 3-4) of our target VCSEL
indicates the parasitic resistance of the VCSEL itself is 43ohms. Thus, for 50ohms
impedance matching consideration, we add Ry, 7ohms. Ry is a dummy load resistor.
Since the lowest output optical power of VCSEL is defined by the biasing current of
VCSEL, in order to generate the three additional levels, the VCSEL output stage
needs three current switches (M7~M12). Transistor M3~M6, R1, and R2 forms a
Gilber cell like configuration which control the active back-termination.

We illustrate the active back-térmmatiom\with Figure 3-23. When output stage

delivers data, voltage drop occur$iat the“eutput of current switches. The equivalent

voltage drop is equal to Nel (R, 4 Rf)TAt the same time, there is also an equal

voltage drop, Nl _ . *R,, generated by the Gilbert cell at the gate of M1. Note that

.
cont

since M1’s gate and source voltages have same voltage variation while output stage
delivering signals. Namely, its Vgs keeps constant, M1 doest not carry any signal
current and does not contribute to driving the VCSEL, therefore the modulation

current is totally provided to the VCSEL. In our design, .o is scaled-down version of

Imod, by factor k, therefore R1 is the magnified version of (R, + R; )by the same

ratio.
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Figure 3-22 Implementation of output stage
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Figure 3-23 Active back-termination when modulation current is delivered
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Figure 3-24 Active back-termination when no modulation current is delivered

Active Back-termination

In our design, when output stage,déliveiSinotsignal, the voltage of laser cathode
rises and the current switch controlled by LSB causes a voltage drop at the M1°s gate.
From the point view of transmission line, a positive and a negative AC signal is at the
transmission line end respectively. Therefore the transmission line itself could be
regarded as AC ground, which means transmission line reduces any reflections

returning the load.

Vi

Figure 3-25 Equivalent circuit of termination
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The regulated cascode circuit we mentioned serves as an active back-termination.
From the equivalent small signal model (shown in Figure 3-25), we can derive the
equivalent impedance at M1’s with source and parasitic effect considered. The
equivalent impedance is derived in eq.(8). In eq.(8), the impedance is divided by a

loop gain and it is capacitive when frequency increases.

VDD _ _

MCIF%R1 ng L1|:M2 2

j; \
I

ICOI"I

Figure 3-26 Simulation scenario of return loss
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S-parameter

Figure 3-26 shows the simulation scenario of return loss, in order to estimate the
return loss, we consider the parasitic effects contributed by pads, bond wire, and
printed circuit board (PCB) pins. The capacitor Cx and the small signal source Vac
with 50ohms resistance are the equivalent model of instrument. In the simulation, Vac
provides a small signal and we measure the amount of reflection, such that we can

realize much reflection is absorbed by our active back-termination.

Simulation results

Figure 3-27 and 3-28 show the post-simulation of electrical eye-diagrams of

4-PAM VCSEL driver under different corners and the S-parameter, respectively.

(a) FF
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Figure 3-27 4PAM 10Gbps at 50°C with different corners
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Figure 3-28 S-parameter (a) S22<-6dB at 5GHz (b) S22=-13dB at 5GHz
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Chapter 4

Experiment Results

4.1 Chip Photo

Figure 4-1 shows proposed 4-PAM laser diode driver is fabricated in TSMC
0.18um 1P6M CMOS process. The total chip area is 1600umx780um?, including

pads.
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L
L
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p—
~
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Figure 4-1 Chip photo of 4-PAM laser diode driver
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4.2 Electrical Measurement

Figure 4-2 shows the environment setup for electrical measurement, the AWG
(arbitrary waveform generator) provides the input serial PRBS, clock for
de-multiplexing and clock for the retiming of encoder output signal. The output of the
chip is biased by a voltage, Vcc, and senses the output modulation current by AC
coupling, as shown in Figure 4-3.

.= Agilent
| 86100 C

Chip on Board Vee

5 Discrete Inductance 5

: 5nH S.R.F 5GHz 5

——e—>— Laser Diode L

PRBS _» — Driver IC '
86100C

Oscilloscope

Figure 4-3 The output network of electrical measurement PCB
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Figure 4-4 Eye-diagram of 4PAM 1Gbps

Figure 4-5 Eye-diagram of 4PAM 2Gbps
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Figure 4-6 Eye-diagram of 4PAM 3Gbps

4.3 Optical Measurement

Figure 4-8 shows the top vidy B for optical power measurement, we
) ,
can adjust the modulation current by tuning;the'three variable resistors on the PCB, in

case of the VCSEL output optical power is not linear. However, the experimental
results reveal the optical power is linear to modulation current. Thus we do not tune
those variable resistors. Figure 4-9 shows the environment setup for optical
measurement, the AWG provides the input serial PRBS, clock for de-multiplexing and
clock for the retiming of encoder output signal. Finally, we use FC connector as a
medium to transport the optical signals from VCSEL to the oscilloscope. The

following Figures show the measured results with different input date rate.
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Figure 4-8 Top view of PCB
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Figure 4-9 Optical measurement setup
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Figure 4-10 The output network of optical measurement PCB

Figure 4-11 Optical eye-diagram of 1Gbps
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Figure 4-12 Optical eye-diagram of 2Gbps

Figure 4-13 Optical eye-diagram of 3Gbps
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Figure 4-14 Optical eye-diagram of 4Gbps

4.4 Summary of Exp

Power distribution

The total power consumption is about 200mW and the percentage of each circuit
block is shown in Figure 4-15. Since there are three pre-drivers paths with
pre-emphasis, they consume about 50% of total power consumption. The active
back-termination consumes 9.72mW in the condition of 10mA modulation current.
Therefore we can figure out that the power reduction of output stage compared with
passive load laser diode driver output stage is about 23% by the following equation

(1.8x10-9.72)/(20x1.8).
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Figure 4-15 Power distribution

Benchmark

Active back-termination

Source JSSC(2000) | ASSCC(2005) | This work
(8] [9]
Technology 300nm 1.80nm 180nm
Supply 3V IR 1.8V
Data Type 4PAM 2/4PAM 4PAM
Data Rate 8Gbps SAOGbps 10Gbps**
4Gbps***
Modulation 8mA 12mA 10mA
Current
Chip Area N/A 1.1x1.2mm2 | 1.6x0.8mm?
Power 350mW#* 183.2mW* 200mW

*Without Pre-driver **Simulation ***Measurement

Table 4-1 Benchmark
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Chpater5

Conclusion

5.1 Conclusion

In this thesis, we propose a 4-PAM VCSEL driver which operates at multi-Gbps.

Its features are summarized in the following statement:

1. Pulse amplitude modulation “is“adepted; hence the bandwidth is used
efficiency.

2. Pre-emphasis technique compensates the high frequency degradation of the
bandwidth of transmitter.

3. A novel active back-termination based on regulated cascode configuration is
proposed for impedance matching.

4. Power consumption of output stage is reduced by about 20% in this work.

5.2 Future Work

After this work, we can combine it with a high speed serializer to achieve
decades-Gbps data transmission with the same process. However, there is an

important issue we neglect in this work, the optical power is affected by temperature
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and aging while the VCSELSs are in real applications. In the 2-PAM VCSEL drivers,
there are only two different signal amplitudes, high and low, if we want to adjust the
optical power with the adverse influences; we just need to detect the low and high
magnitude. With enough information of the transmitting optical power, we can
ameliorate optical power by adjusting modulation current or biasing current, namely,
the unwanted effects might be solved with two additional control loops. However, in
this work, we adopt 4-PAM signaling which means that four signal levels needed to
be adjusted. It is obviously that compare 2-PAM and 4-PAM systems, the latter needs
more complicated control loops and more detection mechanisms to overcome
temperature and aging issues.

In this thesis, we do not measure the BER, since we do design a 4-PAM optical
receiver which is provided with 4-PAMydémi@dulation function. Therefore, we are not

capable of BER test.
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