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Silicon as a mission

As you see, since my graduation thesis, silicon (CMQOS) was always
the focus of my working life. Also during vacation time | like to “play”
with it, even if in the beach sand, silica (SiO,) is not pure as it should
be and it is mixed with calcium carb
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(Short) Introduction to Optical Communications

Broadband Techniques

Optical RFICs
- Transimpedance Amplifier (TIA)
- Modulator Driver
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Motivation

* Light-wave communications is a necessity for the
Information age

* Optical links provide enormous bandwidth and the
opftical fiber is the only medium that can meet the
modern society need for fransporting massive
amount of data over long distances

- Global high capacity networks, which constitute the backbone
of the Intfernet

Massive parallel inferconnects that provide data connectivity
inside data-centers and supercomputers
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Multi-discipline

 Cooperation between
Experts in photonics
Experts in communications
Experts in electronics

Experts in signal processing

* Common goal
- Always increasing demand for higher capacity
- Lower costs

- Lower energy consumptions
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Filber-optic communications

* Exponentially increasing data consumption is expanding the
applications of optical communication and driving the

| THE LIGHT-DRIVEN COMPUTER
ew integrated circuits use photons to build fast
icient sup

its o
¥y power-effi t supercomputers

IBM: Illustrations by Aaron Newman; Flash Design by Josh Rashkin




Traffic data exponential growth (1/3)

amazon

* Cloud services (Google, Amazon, Microsoft, Dropbox,
Baidu...) G <

- Annual global data center IP traffic will reach 20.6 zettabytes Dropbox
(ZB), by the end of 2021, up from 6.8 ZB per yearin 2016

- By 2021, 94 percent of workloads and compute instances will be

processed by cloud data centers; 6 percent will be processed
by traditional data centers
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- Chsco Global Cloud Index, 2016-2021

Source: Cisco Global Clud Index, 2016-2021 (https://www.cisco.com/c/en/us/solutions/collateral/service-provider/global-cloud-index-gci/white-paper-c11-738085.pdf)
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Traffic data exponential growth (2/3)

« 5G Wireless: it is the next generation of mobile
networking fechnology following 4G. Like every
generation before it, 5G aims to make mobile

communication faster and more reliable as more and
more devices go on-line

- HD-streaming smart-phones, watches with data plans, always-on
security cameras, self-driving and Internet-connected cars,
augmented reality hardware

* Multimedia streaming NETFLIX ({1 Tube
- Nefflix, Youtube, Hulu, Spofify
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Traffic data exponential growth (3/3)

amazon
E-Commerce: Amazon, Ebay, Alibaba  ep-y €2

Alibaba.com

Big Data: this term tends to refer to the use of predictive
analytics, user behavior analytics, or certain other
advanced data analytics methods that extract value
from data, and seldom to a particular size of data set

Social: Facebook, Instagram .f f@
Instagram
loT: fast growing constellation of infernet-connected

sensors attached to a wide variety of “things”. Sensor
can take a multitude of possible measurements, thus
generating data and traffic
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MEDIA AND MODULES

Ethernet is wired technology and supports a

variety of media including backplanes, twisted

pair, twinax, multimode fiber and single-mode
fiber. Most people know Ethernet by the
twisted pair or Cat "x" cabling with RJ45
connectors because close to a billion ports a

year are sold.

The graphic below shows multiple types of
modules that may be used for copper or
optical links. The upper modules are being
developed to support ultra-high density port
counts, The PQSFP shrinks the QSFP down to
an SFP size while the QSFP-DD doubles the
lane count to 8, On Board Optics (OBO) enable FLEX ETHERNET (FLEXE)

the highest port counts on switches, Defined by the Optical Internetworking Forum (OIF), FlexE is often called a new generation of Link
Aggregation (LAG) and may provide a path to speeds higher than 400G without an IEEE standard. Boo G b/s
Proponents of FlexE claim that higher speeds like 800GDE are not necessary since these speeds just

aggregate many lanes that run at lower speeds. FlexE can aggregate individual Ethernet links and >2020
creates a FlexE Mac that connects to another FlexE MAC. The illustration below shows a 500G FlexE
group that bonds five 100GDE links together.

é Ethernet Speed

/ Speed in Development

3.2 Th/s
>>2020

Possible Future Speed

The FlexE Group refers to a group of from 1to n bonded Ethernet PHYs. A FlexE Client is an Ethernet
flow based on a MAC data rate that may or may not correspond to any Ethernet PHY rates. The FlexE . 400 Gb/s
Shim is the layer that maps or demaps the FlexE clients carried over a FlexE group. In the example

illustration below, three 100GbE and one SOGbE FlexE clients connect over the transport netwark via 2017 (est)

a FlexE Group that supports 350Gb/s of bandwidth over 2 wavelengths of 175Gb/s. §

200 Gb/s
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ETHERNET INTERFACES AND NOMENCLATURE

Electrical Backplane | Twinax Twisted MMF Parallel 2Zkm 10km 40km

E T H E R N E T Yo | Interface . Cabl pai-rs SMF SMF SMF . SMF
ROADMAP

THE PAST, PRESENT
AND FUTURE OF ETHERNET
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ETHERNET SPEEDS
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Standard Completed

Gray Text = IEEE Standard Red Text = In Standardization  Green Text = Under consideration in IEEE
Blue Text = Non-IEEE standard but complies to IEEE electrical interfaces

www.ethernetalliance.org

Designed by Scott Kipp
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ENTERPRISE AND CAMPUS

Power over Ethernet is a growing Ethernet application that delivers power and

data over Category cabling that has 4 twisted pairs of wires, with Cat 5 or better
cabling recommended. 4-Pair PoE is being standardized to deliver over 70W of
power over all 4 twisted pairs instead of the two pairs in PoE and PoE+.

PoE Types PoE+ Type 2 5
and Classes PoE Type 1 4-Pair PoEin
Class || 0 1 2 3 | @ 5 & 7 8
PSE Power (W) (| 15.4 4 7 154 || 30 45 60 75 90
PPD Power (W) 6.49

Midspan PoE
Implementaion

Endspan PoE
Implementaion

Data & Power

BACKBONE TO

OTHER CITIES

10,000 sq ft

Data Center 1

Equipment
Room

server Racks (@

Ethernet Switch
and Router Racks

patch Panels (@)
Storage Racks

Transport Equipment ()

Data Center 2
>100,000 sq ft

( Top of Rack (ToR)
Popular because servers.

use low cost copper links.

within the rack.

Middle of Row (MoR)
Only moderately
different than ToR or EoR.

|

@ Ethemet Switch @ Server

End of Row (EoR)
Popular for consolidating
swilches in the row

Centralized

Popular because switches
are centrally located

and managed.

>

Hyperscale data centers drive amazing Ethernet volumes when hundreds of

thousands of servers

are connected on one site.

HYPERSCALE DATA CENTER

Main Distribution
Aea?

Main Digrbution

Area

Port Density
Comparison

= Ethernet
—— Telecom Network
— Cable Network
—— CD Network

MANSs

Metropolitan Area Networks
(MANS) come in many varieties
and deliver services to a variety
of enterprises, organizations
and consumers. Some MANs
are based on Ethernet, but the
largest MANSs are based on
Optical Transport Networks
{0TN) technologies.

= On Board Optics.

ethernet alliance

RESIDENTIAL AND CONSUMER

Most homes have wireless access points (WAPs) with 4 or more Ethernet ports.

Smart TVs, network attached storage (NAS) and other household products
come with Ethernet ports that can be used to create the smart home,

Automotive Ethernet

Ethernet is being deployed in automobiles and will become the defacto
standard for automobile networks by 2020. Because of requirements for
lightweight autos, Ethernet was developed to deliver data and power over a
single pair of wires to distances of 15 meters at 100Mb/s and 1Gb/s.

Power Over Data Lines (Podl)

PoDL delivers data and power to
‘cameras, lights, entertainment
systems, controls and other devices
throughout the car.

Wireless Gonnectivity

Connected cars are expected to drive increased
traffic to wireless networks that result in more
wireless backhaul traffic over Ethernet.

BACKBONE TO OTHER CITIES

Internet Exchange Point

DIPS: form an iNtercNNEction pont in the ktemet by
Haclitating mult L i

Telecommunications Company Content Delivery Network (CON)

CONs deiiver conlent around the world and

e and ather
P 2 interoannect using Etamet.

offer co-iocation faciities.
‘and ofter o0-location facitties.
\ \, J

Intpmat Senices and oa-location faciitics

~ wvice Providers deploy MANs and WANs to connect businesses and
consumers. Some carriers deploy hyperscale data centers as well.

SERVICE PROVIDERS




Optical Standards

IEEE and Optical Internetworking Forum (OIF) are the two entities
that provide the standardization for optical communications

Ethernet standard (IEEE 802.3), written and maintained by IEEE,
includes all the communications example we will talk through the
presentation. It is a very articulated standard

|[EEE 802.3a (1985) — 10Base-2 (thin ethernet)

|[EEE 802.3i (1990) - 10Base-T (twisted pair)

|[EEE 802.3ab (1999) — 1000Base-T (gigabit ethernet over twisted pair)
|[EEE 802.3ae (2002) — 10-Gigabit Ethernet

Standardization cover all the aspects:

- Physical layer (connectors, like SMF) and medium (fiber)
- Modulations (NRZ or PAM4, for example)
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Optical fibers evolution (1/2)

e 1966: Vision and predictions of ultra-low loss silica
glass

- Kao K.C. and Hockman A., " Dielectric-Fiber surface waveguides for opfical
frequencies”, Proc IEE vol 113

* 1970: First demonstration of < 20 dB/Km optical fiber
loss

-  Kapron F.P., Kerk D. B., Maurer R.D., “Radiation losses in glass optical
waveguides”, Appl Phys Letters, vol 17

e 1977: the first live telephone traffic was fransmitted
through multi-mode fiber by GTE (@ 6 Mb/s) and
AT&T (@ 45 Mb/s)
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Opftical fiber evolution (2/2)

* Dense Wavelength Division Multiplexing (DWDM): it
has the capability to send multiple signals on the
same fiber, using different wavelength

- Up to 10 Tb/s of traffic per single fiber

- Distance more than 1000 km

* Example: 2000000 simultaneous Netflix HD stream in a wire smaller
than a human hair (!!1)

* As a drawback, the link becomes more complex

- Target distance
- Chromatic dispersion

- Optical signal to noise ratio (OSNR)
https://www.prolabs.com/wp-content/uploads/2016/06/White-Paper-Understanding-DWDM.pdf
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Optical frequencies

Low Frequency | High Frequency | Microwave

Wavelength [m]

Frequency [Hz] 10 ' 10k 100k
House — Radio =—

Current

Wavelength [m] 10 10° 10" 10° 10" 107 10°  10° 10" 10"

Frequency [Hz] 106 100G 1T 10T 1007 10 10® 10 10 10

Optical Comm—

Wavelength [nm] 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 400

«— Optical Fiber Communication —»<—Visible Light—»
Infrared*+— —» Ultraviolet

Table from [12]
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Technology for Optical RFICs

* Like it happened, in early ‘90, for the so-called RF, the
ever growing volume of data in telecommunication
networks has pushed inferest in high-speed opftical
and electronic devices and systems

- Modular, general-purpose building blocks have been gradually
replaced by end-to-end solutions that benefit from
device/circuit/architecture co-design

- Mainstream VLSI technologies such as CMOS and BICMOS continue
to take over the territories thus far claimed by GaAs and InP device

- Silicon Photonics
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Photodiodes (1/3)

* Siicon photodiodes are semiconductor devices responsive o
high-energy particles and photons. Photodiodes operate by
absorption of photons or charged particles and generate a flow of
current in an external circuit, proportional to the incident power.

Light Contact R5

/ Insulator
~

e L +lD
M |p@ ! :_C

I
N+

PIN photodetector

» The current source |, generated by the incident radiation, and the
diode represent the p-n junction. In addition, a junction
capacitance (C;) and a shunt resistance (Rsy) are in parallel with the
other components. Resistance (R;) is connected in series with all
components in this model
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Photodiodes (2/3)

* Photodetector characteristics

- Responsivity: it is a measure of the sensitivity to light, and it is
defined as the rafio of the phofocurrent |, to the incident

light power P at a given wavelength:

[-V Characteristic. The current-voltage characteristic of a
photodiode with no incident light is similar to a rectifying diode.
When the photodiode is forward biased, there is an exponential
increase in the current. When a reverse bias is applied, a small
reverse saturation current appears. It is related to dark current

Y -
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Photodiodes (3/3)

total

Reverse Bias FowardBias | o ||luminating the photodiode
with optical radiation, shifts the
Breakdown Voltage -V curve by the amount of
photocurrent (lp). Thus

qV,

_Isat<ekBT_1)_IP

total —

I

- Noise: in a photodiode two sources of noise can be identified

« Shot noise: statistical fluctuation of both Iy and |,
Isn:\/zq(lp-l_ld)Af
 Thermal noise: thermal generation of carriers

_ AKTAf
Ith — R
sh

Enrico Sacchi, Cadence Design Systems Optical RFICs — TOM - 2018/09/19




Photodiodes typologies (1/2)

* P-I-n photodetector

— It consists of a p-n junction with a layer of intrinsic (undoped or
lightly doped) semiconductor material sandwiched. The junction

is reverse biased (-Vp)

N
-V

f . - P-i-n photodetector bandwidth (speed)

p+ |InP depends on the width of the absorption

GaAsP layer W, the reverse bias Vg, i1s

capacitance and packaging

N+ [InP

S

- Vertically illuminated p-i-n are normally used for applications up
to 10 Gbps. More sophisticated p-i-n (edge-coupled) are used
for higher speeds
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Photodiodes typologies (2/2)

* Avalanche photodetector

- As the p-i-n, it is a reverse biased diode, with an additional layer
(multiplication region) providing internal gain through avalanche
mulfiplication

I» -VarD
f - The gain of the APD is called

InP multiplication factor (M)
InP

InGas i pp=MRP=R )P
InP
R,op~10 A/W

- The APD provides also more noise than p-i-n PD. Such amount of
noise is (noft linearly) dependent on the avalanche gain — there
IS an optimum for best sensitivity
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Silicon Photonics (1/2)

* Photonic Integrated Circuits (PICs) is an emerging
technology that uses crystalline semiconductor wafers as
the platform for the integration of active and passive
photonic circuits along with electronic components on a
single micro-chip.

* Integrated photodetectors

- Bringing the photodetector as close as possible o the TIA and
avoiding separate packages reduces total copoci’ronce at TIA
input node (better noise and speed as we will see.. o

molex
Processor ~ ~ -, ros (intel 1
vl ] aljele

17 s

- Courtesy from
PWG: Polymer Wave Guide https://www.zurich.ibm.com/st/photonics/adiabatic.html
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Silicon Photonics (2/2)

* The Receiver Optics Sub-Assembly (ROSA), made by PD,
TIA and optical components can be integrated in
different ways

- Detector (InP) and circuit chip (CMOS or SiGe or GaAs) in the
same package, as a Multi Chip Module

- Detector chip (InP) mounted on the circuit chip (CMOS or Sige
or GaAs) through flip chip or bondwire

- Detector and circuit monolithically intfegrated in a standard
circuit technology

Ipin

:‘L Ge heteroepitaxy

p+

SOl CMOS

Silicon-Oxide




Laser

* The word laser is an acronym of Light Amplification by
Stimulated Emission of Radiation. Lasers are devices that
produce or amplity a beam of narrow, low-divergence
light with a well-defined wavelength.

In data communications, the Fabry-Perot (FP) and the
Vertical-Cavity Surface-Emitting Laser (VCSEL) are
mostly used to generate a modulated optical signal

External energy source

mirror } Qutput mirror

%
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Fabry-Perot Laser

* The Fabry-Perot laser consists of an opftical gain medium
located in a cavity formed by two reflecting facets.

Facet
o-inP] L ANs=3 nm }

InGaAsP

» A

n-InP

- Forward biased p-n junction injecting carriers (electrons and
holes) info a thin active region: these carriers “Ypump’” the active
region such that an incoming photon can stimulate the
recombination of an electron-hole pair to produce a second
photon (gain)

- Both 1.3 yand 1.5 py can be based on an INGaAsP active layer
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Vertical-Cavity Surface-Emitting Laser

 The VCSEL emits the light perpendicular to the wafer
surface, rather than at the edges of the chip. It consists
of a gain medium located in a very short vertical cavity
(1 um) with Bragg mirrors at the bottom and the top

_Bragg mirrors
= p-AlGaAs

GaAsP

> A

n-AlGaAs

- Bragg mirrors are formed by many layers of alternating high and
low reflective index material

- Low cost: commercially available at short wavelength (0.85 um
band) where fiber loss is appreciably high
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Coherent optical communications

* The first opftical fiber communications systems (late ‘70s,
‘80s) used intensity modulation of semiconductor lasers,
and the intensity of the optical signal transmitted through
an opftical fiber was detected by a photodiode

- These systems are called IM-DD (Intensity Modulation and Direct
Detection)

Receiver sensitivity is dependent neither on the carrier phase nor
on the state of polarization of the incoming signal

- Still widely used

On the other hands, a receiver (RX) in which the signal is
interfered with a Local Oscillator (LO) so as to exiract the
phase information of the signal is called a coherent RX

- Heterodyne and homodyne RX belongs to this category
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IM-DD vs Coherent

Coherent IM-DD

Modulation parameters 1&Q - Amplitude and Phase Intensity
Decision method Heterodyne or homodyne  Direct Detection

Sensitivity to carrier phase yes no

Sensitivity to polarization yes no

As its most basic, coherent optical transmission is a technique
that uses modulation of the amplitude and phase of the light,
as well as transmission across two polarizations, to enable the
transport of considerably more information through a fiber
optic cable.

Using Digital Signal Processing (DSP) at both transmitter and
receiver, coherent optics also offers higher bit-rates, greater
degrees of flexibility, simpler photonic line systems, and better
opftical performance



Coherent Opftical RX FE (1/2)

PBS: Polarizing Beam Splitter

RX oRFIC
Optical

inn

Modulated 2 WUF"“EE.. & i

) E . - ' . (1} - xpol
Signal i P 0 p

1'L"2|

CH #4
(Q) - ypol

LO (laser)
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Coherent Opftical RX FE (2/2)

The modulated optical signal has two orthogonal
polarizations, each carrying a separate data path

- The signal beam is split through a polarizing beam splitter (PBS)
into two X-polarized and Y-polarized beams and sent to two
identical opto-electrical front-ends

Laser is split by a beam-splitter (BS) and sent to the two
identical receive path as local oscillator (LO)

The cascade of the 90 degrees optical hybrid and the
two balanced photodiode (PD) pairs performs the
quadrature downconversion of the modulated signal

- A total of 4 receive channels are implemented inside the oRFIC: |
+ Q for X-pol optical signal and 1+Q for the Y-pol optical signal
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Single and orthogonal polarization

The electric field of linearly polarized light The electric field of circularly polarized

is confined to a single plane along the light consists of two perpendicular, equal

direction of propagation. in amplitude, linear components that have
a phase of difference of /2. The resulting
electric field describes a circle.
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90 degrees opftical hybrid

/2 E1 /2

L} =

E:

&

Ea =5 Es

OPTICAL <

“E” are electric fields, “I"" are currents

E. is unmodulated, with an unknown phase: E;o=|E e’

E; iIs modulated, with a time-varying phase Gnd.g:(o)ns’rcm’r
amplitude (assuming QPSK): E=|E|e’™"
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Calculations — Optical domain

E+jE, 1, _
1\/5 3:§<E5_ELO)
JE*+E; 1. .
Ep,= \1/5 3:§<JES+JELO)
E.+jE. 1., .
Eps= 2\/5 5:§<JES+ELO)
_jELO JE +E l(_
V2 | 2

SE.
5;}

Ep =

E.=

Ers

: 5|: ;
e}

OPTICAL <— ——> ELECTRICAL
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PD currents (1/2)

ELO

ELO

gt I8

2_2 R (ESE;;O))

+2R(ESE )

2_2 3 (Es EZO>)

(B +[ELo[ +23(ESE )

Ep1

lp1

Er2

5}
5;}

Ers

Ip3

Epa

$1e }o
5;}

OPTICAL <— ——> ELECTRICAL

Enrico Sacchi, Cadence Design Systems

Optical RFICs — TOM — 2018/09/19



PD currents (2/2)

PLO:|ELO|2
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Comments

« If Po>> P, DC current does not depend on the input signal’s power

- A small AC current and a large DC current can coexist at
sensifivity

* In principle, DC current is the same on all PDs and it is proportional to
the sum of the LO and Signal optical power

- In practice, a significant mismatch among the photo-diodes can
exist, so a DC differential current can occur

« Opticallosses on LO path (a,,) and signal path (as) (in addition to
the 3 dB attenuations of the couplers) can be taken infto account

I:p\/aSPS°aLOPLO C05(65<t)_6w>

.P -P
Ipe=p (2 + 222 20) .
4 4 IQ:p\/ocSP5°OtLoPLoSID(es(t)_GLo)
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QPSK Modulation and PD currents (1/2)

 LO phase is unknown. Here are two scenarios, giving min/max peak-
to-peak differential current at TIA inputs in the case of QPSK
modulation

- Case 1: 6,,=0

4Q

Bs=3nf4.;"




QPSK Modulation and PD currents (2/2)

Case 2. 6,,=11/4

=
s

-
Bs=-3n/4




|
Optical losses and measurements (1/2)

* A way to evaluate the optical losses is to measure the

signal and LO paths separately

Dual polarization optical hybrid

90 degrees optical hybrid

/2 couple

Inc
loc
o 3

(same for all PDs)
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Optical losses and measurements (2/2)

* Optical losses on LO and signal path can be calculated
from measured quantities

PD responsivity [A/W]

Whole path measured responsivity [A/W]
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Recelver fundamentals

Recelver sensitivity: how noise in the receiver causes
bit errors

Bit Error Rate (BER)

Noise Bandwidth

Opftical Signal-to-Noise ratio (OSNR)
Intersymbol Interference (ISl)

Noise and IS| trade-off
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Basic receiver model

P: optical power
DETECTOR LINEAR CHANNEL DECISION R: PD responsivity

uT él“ TIA MA_______ _ i,=R P (proportional to opfical
| powerlll)
3 $r>w S|

In g

A Inp= detector noise
H(f): Linear channel freq response
I . Circuit noise

M=

Photodiode (PD) current iy is linearly proportional to optical power
P Il

PD noise i, is depending on the photodiode impedance !l!
Io: White, non stationary, non-Gaussian

Iho. frequency dependent, stationary, Gaussian

B _ (still fo be demonstrated)
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Noise and bit-error rate

* Vo(T)=Vi(t) + vy (H)
- V((t): desired output signal voltage

- Vv, (T): output noise voltage originated from both
circuits (mainly TIA) and PD

* Both output signal voltage and output noise voltage are
time-dependent and it may happen that, at a given
time instant, (maybe at ts, when the decision circuit has
to “choose” between 0 and 1) that v,(ts) is not negligible
compared to v,(ts), and the decision circuit makes a

mistake
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Output noise

V2 Af )=|H(f)|2><12,c(f) (Circuit noise output PSD)
BW, d
—f H(f | X1° Af)df (Circuit noise output power)
‘_}n’p:ffw,d |H f)| Xli,p(f’ t)(f)df (PD noise output power)

* From the noise output power it is possible to calculate
the rms noise voltage at the output

V0= o R P+ 12, (0 ) f

BW,d: Bandwidth of the decision circuit
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Bit-error rate (1/3)

* Let's simplify the scenario assuming a simple NRZ signal flowing
through the system (without any IS, jitter or other non-idealities). At
the output of the linear channel we will have v, (t) given by:

- A desired voltage signal v((t) with a given peak-to-peak voltage
VSIOD

- An unwanted rms noise voltage v,ms(t), gaussian and signal
independent

Vith
DETECTO LINEAR CHANNEL DECISION

k - TIA MA

1

IH(F) P4

[,

P
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Bit-error rate (2/3)

« How the additive noise v,/ms(t) may corrupt the signal v (t) thus
causing an error at decision circuit levele

: t

01101000101111001101011000

&

D . L L L L s s t
01101000101111001101011000 g
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Bit-error rate (3/3)

« Let's suppose that the same noise v, ms(t) is added to a smaller signal

vs(t), maybe because of an higher attenuation in front of the TIA or
a lower efficiency of the photodiode

e Vo

pt

01101000101111001101011000
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PRBS NRZ signal (100 bifs) -

Generic PRBS Wave with no noise

Time [sec]
Generic PRBS Wave with SNR=30 dB

1.5
1
0.5
0
-0.5

Time [sec]

Enrico Sacchi, Cadence Design Systems

Optical RFICs — TOM — 2018/09/19




100 bits PRBS with SNR=30 dB

Generic PRBS Wave with SNR=30 dB

Tlme [sec]

Samples of a PRBS Wave with SNR=30 dB

Samples

Histogram with SNR=30 dB

—r ek

# of occurrencies

L ONRARYOOON
[ |

o
o [TTT

0 0.5
Vo [V]

* A 30 dB NRZ signal seems to

be close enough to the
ideal one

* All the samples are around

1 when the signal is high
and around O when the
signal is low

* The histogram shows the

“distribution” of the
samples around the
nominal values

* Being this a 100 sample

example, we can
conclude that:
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100 bifs PRBS with SNR=20 dB

Generic PRBS Wave with SNR=20 dB

Time [sec]

Samples of a PRBS Wave with SNR=20 dB

Samples

Histogram with SNR=20 dB

gy
L ONBEMOOON

# of occurrencies

0.5
Vo [V]

A 20 dB SNR more
significantly deteriorates
the signal waveform

The samples, when the
signal is high and when the
signal is low, are more “far
away” from the nominal
values 1 and O

The histogram shows that
the “distribution” of the
samples around the
nominal values is a bif
larger
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100 bifs PRBS with SNR=10 dB

Generic PRBS Wave with SNR=10 dB

2e-06
Time [sec]

Samples of a PRBS Wave with SNR=10 dB

Samples

Histogram with SNR=10 dB

gy
L ONBEMOOON

# of occurrencies

0.5
Vo [V]

An higher noise (SNR=10
dB) significantly corrupts
the original signal

Some sample when the
signal is high risks to be
interpreted as 0, and
viceversa

The histogram shows that
the “distribution” of the
samples is very broad
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10000 bits PRBS with SNR=20 dB

Generic PRBS Wave with SNR=20 dB

* Considering a longer bit
seguence, it is possible to
notice the stocastic nature

" ooos oot ooos ooz Of the noise
Time [sec] While the SNR is always 20
Samples of a PRBS Wave with SNR=20 dB - 10* samples dB, there are few ngp|es

that are significantly far
away from the ideal O and
]
4000 6000 8000 10000 However' none Of The
Samples samples is mis-interpreted,
Histogram with SNR=20 dB - 104 samples SO we can conclude that
the BER is lower than 10/\-4

0 ;
* 05 0 05 . _

Vo [V]
Enrico Sacchi, Cadence Design Systems Optical RFICs — TOM — 2018/09/19




10000 bits PRBS with SNR=10 dB

Generic PRBS Wave with SNR=10 dB

0.0005 0.001 0.0015
Time [sec]

Samples of a PRBS Wave with SNR=10 dB - 10% samples

2000 4000 6000
Samples

Histogram with SNR=10 dB - 104 samples

0 0.5
Vo [V]

Taking 1000 samples of a
signal with SNR=10 dB
confirms that the BER is
significantly higher than
10/A-4, because some
samples is erroneously
interpreted by the decision
circuit

Histogram shows that there
Is no distinction between
the distribution around 0
and around 1

BER >> 10/-4 ]
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BER definition (1/3)

* The decision circuit determines whether a bit is zero or one by
comparing the sampled output voltage v,(t,) wWith the decision

threshold voltage vy (Usually set at the crossover point of the two
distributions)

BER is defined as the probability that a zero is misinterpreted as
a one or a one is misinterpreted as a zero

Bit
Errors

NRZ Signal + Noise Sample Histograms
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BER definition (2/3)

* Because of the symmeiry, we can derive the following

expression
1

DTH vrms
n

Vo
rms
n

* Gauss() is the normalized Gaussian distribution. If we then
set, as it often happens, the decision threshold voltage

to the midpoint
VPP

i _ s
VDTH_

2
 We then infroduce the normalized variable

— BER=]_ Gauss (— ) dv,

* The following BER definition can be thus derived

Enrico Sacchi, Cadence Design Systems Optical RFICs — TOM — 2018/09/19




BER definition (3/3)

Vpp
S with Q=——
2V

n

« Qs aparameter called “Personick” Q, that represents a measure of
the ratio between signal and noise, but it is not exactly the SNR

Q BER

0 0.5
3.090 107-3
3.719 107-4
4.753 10"-6
5.998 107-9
7.034 107-12
7.941 107-15
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Signal to noise ratio (SNR)

« Signal to noise ratio (SNR) is defined as the mean-free
average signal power divided by the average noise
power

o Let's focus on an ideal NRZ signal, with v,ee swing, and
with unequal noise on the zeros and the ones

_ (Vls)p) Decision
SNR_Z(V2 +\72 3 ~ Circuit

SNR=Q"~if Vi 1="Vn o

\\DSNR Eb/No
— > SNR=Q*/22if vi";> Vv
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E_/N, (1/2)

* At the input of the receiver, before any filtering
infroduced by the “electronics”, the noise can be
considered as white, and its power spectral density is N,

« Whatever is the signal amplitude, if we integrate N, over
an infinite bandwidth we get SNR=0

e A more useful metric can be used to evaluate the
quality of the signal at the input of the receiver: E,/N,

- E,: energy per bit, i.e., it Is the average energy per
information bit

- Ny: one side noise spectral density
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E/N, (2/2)

* The relation between E,/N, and Q or SNR may be fricky

to be calculated

* The simplest case is the DC balanced ideal NRZ signal; in

this case

\%
Eb (2)'T'

o T'=TIr (duration of information bit)

e I'=coderate

_ N, =(V"™)/BW,

. E E,/N,=Q°BW,/r B=Q’/2r ]

y
- The main difference between

E_/NO and Q or SNR is that E_/N,

takes the spectral efficiency of the
\modulo’rion scheme into account

modulation scheme, requires a
lower E_/N, af receiver input to get

the same SNR at the output, if

- compared to simple NRZ

D

"/A more sophisticated, and efficien’r,\
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(Electrical) Sensitivity

* The electrical receiver sensitivty (i..°r) is defined as the
minimum peak-to-peak signal current (i;ee) at the input of
the receiver, necessary to achieve a specified BER (i ,PP
= 1.;op@ BER)

* The sensitivity is related to the noise of the receiver

- 2 Qv’l;ms
_
sens HO . .
* v™:rms noise volfage at the output of the receiver

e H, :|low frequency value of receiver transfer
function

- i =2Qi™=Q(ils+il)
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(Opftical) Sensitivity

 The optical receiver sensitivity (P...) IS defined as the
minimum opftical power, averaged over ’rime; P..
necessary to achieve a specified BER (P, = P, @ BER)

i,=i’/2 In case of ideal NRZ
B l-rms_l_l-rms
PS:lfp/ZR:Q( n,0 n,1)

2R

Example:
- |, ms =1 A, R=0.8 A/W, BER=10A-12 —- Q=7.03

- | » Ps=8.79 uW =-20.6 dBm

The optical sensitivity Is based on the average signal

value, whereas the electrical sensitivity is based on the
peak to peak signal value
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Intersymbol interference (ISl)

With any practical channel, the inevitable filtering effect
will cause a spreading (or smearing out) of individual
data symbols passing through the channel

For consecutive symbols this spreading causes part of the
symbol energy to overlap with neighboring symbols,
causing intersymbol interference

The result is that the received pulse corresponding o @
particular symbol is affected by the previous symbol and
subsequent symbols

ISI'is a kind of deterministic distortion, because it
depends on the data pattern
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Channel with infinite bandwidth

Rs: signal symbol rate

The received signal will be
exactly the same as the
transmitted square wave

No ISI atf all

PSD Received of

11 0 Signal

Received Signal

The signal frequency |
bandwidth extends to 0040t
infinite
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Wideband channel

Rs: signal symbol rate

The band of the channel
is wide (> R,/2) but not Reseiéed Signel o
in fi n iTe Small amount

of Power is
filtered here

A large amount of the
signal power will pass, and |
a small amount of high Most Power is
frequencies will be filtered

out

The received datq, in this
case, experiences some

ISI but they can be easily
recovered
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Channel bandwidth =R /2

 The first zero in PSD of
transmitted data occurs
at 2 the sample rate R,

* The received signal in this
situation experiences
significant amount of ISl

* The data are still
recoverable using some
signal process algorithms

Received Signal

0 (1 0

PSD Received of
Signal

All side lobes
are rejected

J U

R,
2
Power in the
main lobe
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Channel bandwidth lower than R /2

* When the channel
bandwidth is significantly
lower that RS/Q, the ISl is Received Signal PSD Received of

Signal
All side lobes

huge and loss of data will Lo 11 0 anipartot

main lobe is

O C C U r /\ /\ rejected

It is not possible to recover
back the data
completely, no matter
what signal processing
algorithms are used

Power in received
signal
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Example: 5 Mbps / 5 MHz BW

Magnitude (dB)

A 0 1o 11

1

0

Generic PRBS Wave with no noise

1e-05 1.5e-05
Time [sec]

1st order 5 MHz Butterworth transfer function

2e+07 3e+07 4e+07
Frequency (Hz)

Ideal vs 5 MHz filtered 5 Mbps PRBS signal

B )0 L) O 101011 R

0

S5e-06 1e-05 1.5e-05 2e-05
Time [sec]

Let’s suppose to have an
ideal NRZ PRBS signal, at 5
Mbps (f =5 MHz, T =200 n)
The spectral components of
such a waveform extends to
infinite (because of the
“vertical” transition slope)
Let’s suppose that such a
signal passes through a 5§ MHz
BW channel

The output signal (red curve)
looks pretty similar to the
INnput one
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Example: 5 Mbps / |

Generic PRBS Wave with no noise

Time [sec]

1 MHz Butterworth transfer function

R T T S T TR ST
5e-06 1e-05 1.5e-05

]
o
1

1 1 1 1
1e+07 2e+07 3e+07 4e+07
Frequency (Hz)

Ideal vs 1 MHz filtered 5 Mbps PRBS signal

Time [sec]

MHz BW

Let’s suppose to have the
same ideal NRZ PRBS signal,
at 5 Mbps (f.= 5 MHz, T=200 n)
What happens if the channel
bandwidth is significantly
lower (1 MHz, in this
example)?

The high frequency
components of the input
signal are significantly filtered
out, thus changing the shape
vs time of the output
waveform

Is there any impact on the bit
error ratee
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Impact of ISI on bit error rate

Samples of a 5 MHz filtered 5 Mbps PRBS Samples of a 1 MHz filtered 5 Mbps PRBS

H1 WH lh H H\[ i H\mm Hm-

20 40 60 80 100
Samples

Histogram with 1 MHz filter bandwidth

0.5 1
Vo[V]

* ISl alone does not cause any bit error in the receiver as long as the
‘Yeye” has some opening left, and the decision threshold is located
in that opening (deterministic effect)
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Eye diagram (1/2)

An “eye diagram” is a common indicator of the quality of signals in
high speed digital transmissions

An oscilloscope generates an eye diagram by overlaying sweeps of
different segments of a long data stream driven by a master clock

In an ideal world, eye diagrams would look like rectangular boxes. In
reality, communications are imperfect, so the transitions do not line
perfectly on top of each other, and an eye-shaped pattern results

Oscilloscope “eye diagram™ example



Eye diagram (2/2)

* A properly constructed eye should contain every possible bit
sequence from simple alternate 1's and 0’s to isolated 1's after long
runs of O's, and all other patterns that may show up weaknesses in
the design

0,00
Vul "\lru "l.lru H
W, } .ILII i

Wi

Vi

Wi

A0 01

la t: I hl:
Al 01

tla 6 b >

t

Signai-to-noise ralo at

Amount of distortion
the sampling point

(set by signal-to-noise ratio)

i \ - An “eye diagram” is full of qualitative
e ~ N and quantitative informations

of zero crossing

__ Slope indicates
sensitivity to timing
error; the smaller,
the better

! !
Measure of jiter  Best time to sample (decision paint)
Most open part of eye = best signal-to-noise ratio




Pulse shaping to conftrol IS

To combat IS, the pulses that we use to fransmit data
must have limited bandwidth, so that, when tfransmitted
over limited bandwidth channels, the complete
spectrum of these signals is retained, and no part is
fillered out

Unfortunately, limifing the bandwidth of the pulses
causes their duration in fime to be infinite: so each pulse
extends over a very large number of bit periods

This is not necessarily bad (if the pulse is designed
properly)

Nyquist criterium: each pulse is zero af the sampling
fime of other pulses
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Raised cosine pulses

* The class of raised cosine pulses (including the sinc pulse as
extreme case,0=0) respects the Nyquist criterium

ot
)

cos ( T

o O sin(mtT,)

t
T 1_(

* O Is a parameter that provides the trade-off between the
bandwidth (which is limited) and tail length of the raised
cosine function (how fast the pulse response becomes small)

 Normally the tail dies out after few bit periods
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\

Raised cosine filter: pulse and spectrum

 The symbol rate (R,) of the
data that can be
transmitted using a raised
cosine pulse is related to
O , and the bandwidth of
the signal B, by the
relation
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Outline

Broadband Techniques

Optical RFICs
- Transimpedance Amplifier (TIA)
- Modulator Driver

Conclusions
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Broadband technigques

Series and shunt peaking
T-coll

Neuftralization
Cherry-Hooper amplifier
Capacitive degeneration

Distributed amplifier
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Shunt peaking (1/5)

Voo

L1 § Rz
Wout
»

1

-
CL

chut

o
o

L
First stage equiv circuit

Inserting an inductance L1 in series with the resistive load R;, a zero in
the transfer function is added

The zero can be used to “cancel” the pole of the transfer function thus
creating, within a band of frequencies, a flat-frequency response
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Shunt peaking (2/5)

The transfer function can be rewritten as
1+stT

A,=gm R
2 2 2
l1+stm+s tm

where t=L,/R,, and m=R; ,Cr /7
If L,=0 the 3 dB bandwidth is defined as
1:1/<275RL1 CTOT)

while, adding L,, it is possible to demonstrate that the 3 dB bandwidth
improvement is
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Shunt peaking (3/5)

 Once the bandwidth extension ratio is set, the value of L, is
determined

« Example: R ;=50 Q, C;-=200f, g,,,=20m3S
i L]:O, L]:]OO pH, L]:QOOpH, ’ L]:] ﬂH

Shunt Peaking Transfer Function

BRI SrimirE e
1010 |
1 f2
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Shunt Peaking (4/5)

Highest bandwidth extension (f2/f1=1.85) happens for m
= 1.41, but we observe also a significant peaking (eye
opening issue, in many cases)

A maximally flat response is achieved setting m=2.41, but
the bandwidth extension is limited to 1.72

If phase response (group delay) is important, m has to be
set to 3.1, but the corresponding bandwidth extension is
“only” 1.6

Usually the choice of the best “m”, and thus of the best
“L,” value is set looking at the eye diagram
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Shunt peaking (5/5)

* Shunt peaking can be applied also in current mode
amplifiers

J— "
n C:x_C:gs1 + Cng + C:olbl + ngQ
—_— 1
- Cy_ngQ + Cypo

=T VoD

1L

* The first part of the TF is the one of the basic current mirror, while the
second part generates a “boost” in frequency, whose value depends
on L

B.Sun, F.Yuan and A.Opal,”Inductive peaking in wideband CMOS current amplfiers”, 2004 IEEE International
Symposium on Circuits and Systems, Vancouver, Canada
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Series peaking

Voo

ik ok

First stage equiv circuit

t=L,/R,,

m=R, , C,,./T

* Lack of zero, in the transfer function, compared to shunt peaking
- Less powerful than shunt peaking

- Maximum bandwidth extension set 1o 1.41 with m=2
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Series peaking with C.

e If C,isnot negligible, let’'s define k.=C,/C,
K, Peaking m
[dB]

0 0 2
0.1 0 1.8
0.2 0) 1.8
0.3 2.4

0.4 1.9

0.5 : 1.5




Infegrated inductors

* Inductors mplemented in CMOS and BICMOS integrated
circuits show a lot of non-idealities

- Quality factor (metal series resistance, substrate losses)

- Self-resonance frequency (substrate capacitance, fringing cap)

Co
Ik

- Electromagnetic coupling

Rsk

(a) 3D perspective of on-chip spiral indue-  (b) Equivalent circuit of 1-m model of spiral
tor [14]

* Usually not correctly modeled — need of accurate EM
simulations

 What if we use shunt/series peaking with real life inductorse
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Buffer with shunt and series peaking
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Buffer without shunt and series peaking
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Gain vs frequency: comparison

GDIFF_DRV Tue Jun 26 11:39:11 2018

5.648590B

I GOIFF_DRY
I GriFF_oRY
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T-coil (1/2)

* A bridged T-coil is a circuit that extends the bandwidth
by a greater factor than does inductive peaking

k
L1 -M L2 -M L. ~ L2
1 2 <= 10000002

M

3 13

Impossible to be integrated (three  Compatible with integration (two
not coupled spiral inductors) coupled spiral inductors: transformer?

* It consists of two mutually coupled inductors and a bridge cap

€
kCB
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T-coil (2/2)

* With certain loads attached to this circuit, the
Impedance seen at node 1 or 2, and the transfer
function from either of these nodes to node 3 present
interesting properties

- Amplifier bandwidth extension: in this case the signal current is
injected in port 1, while the resistive load is connected to port 2,
and the output capacitive load is connected to port 3

ESD protection: at the input and output pad of high speed
circuits, ESD protection (from 250V up to 1kV for optical
communications) is needed. However the parasitic cap
associated with ESD structure (tens of tF) may limit circuit
bandwidth and impact on return losses specifications
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T-coll: bandwidth extension

L

) |/
lin l —

.
Vin'—{g Vin Q
Shunt peaking Bridged T-coill

C_RLCL—(I—k)L/RD
Lsz+2§mns+m§ J2(1-K)LC,

 The dumping factor ¢ sets the bandwidth extension (¢=0.7 — 2.83),
significantly wider than with shunt peaking

« Once ¢is decided, the other parameters L, k and C, are derived
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T-coll: constant impedance

* The "“black magic” behind a bridged T-coil allows its use
also in another way, always useful for broadband

applications
- If opportunely connected and sized, the bridged T-coil can

create a constant input (or output) impedance in the presence
of an heavy load capacitance

R
Zulf) =T 2nReT
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T-coill: ESD parasitics canceling

* For high speed wide-band circuits the possibility to
cancel the effects of a parasitic cap is helpful

- Example: return loss spec in presence of ESD parasitics

Zout = S22 Zout = S22
Vout Vout

-

« T-coll inductance L, is not ESD protected (careful design)

* Additional cap at transistor drain or associated to the pad can’t be
canceled through T-caill
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Amplifier bandwidth extension

T Voo

éHLl § RL2

P

Vout

H_‘{:FIX

»
1/(2rRiCror)  gm1/(2nor)

fPZl/(ZTERLCTOT)T CTOT:Cdb1+Cg52-Cﬁx

* For a fixed DC gain and power consumption, the only way to
increase the amplifier bandwidth is to reduce C;;

« Capacitance C,y, is amplified by Miller effect
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Miller effect on C_|

» C,q With MOS in saturation region, is mainly overlap
capacitance; it is not negligible compared fo C,
but the ratio is technology dependent

Zin

e If the gain (g, R )is relatively high, the amplified
Cyq dominates over C also in the most recent
technologies
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Cascode

 The cascode device M, lowers the gain
seen by Cq

» The impact of C 4 on bandwidth limitation
Is then reduced

* As a drawback, the added cascode
lowers the achievable voltage swing at
output node

Enrico Sacchi, Cadence Design Systems Optical RFICs — TOM - 2018/09/19




Neuftralization (1/2)

« C,qiImpacts on bandwidth of the amplifier

because a portion of the signal current flows into
it

Let’'s add a “neutralization” capacitance, driven
by an ideal inverting stage (red)

The current flowing info C is now provided by
Cy. No more impact of C 4 on input impedance ¢, _

Issues
- How to implement the inverting amplifiere

- Matching between C and C4
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Neuftralization (2/2)

@,Ibiasl

In differential implementation, the i_nver’ring buffer comes for free

Matching issue C vs C4
- If Cy too low, partial “*cancellation of C4

- If C too high, input impedance with inductive component (peaking)
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Cherry-Hooper amplifier (1/3)

* The Cherry-Hooper topology was devised to allow the gain and
bandwidth of an amplifier to be tuned independently of each other

Vout gmlRF
G —
L

gm2

itg.,R,andg, ,R.>1-

m 1+

 The gain only depends on the feedback resistor Re and g,,,;, while the
bandwidth only depends on g,,, and the load capacitance C,
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Cherry-Hooper amplifier (2/3)

gm
Wy

j\CL

Conventiona-l cs stages amplifier “Cherry-Hooper” amplifier

* In a conventional common source amplifier gain is proportional o
R,,» while bandwidth is inversely proportional to R, (trade-off)

« In"Cherry-Hooper” amplifier a feedback resistance R_is used fo

sense the output voltage of the second stage and injecting @
current back to the first stage

VOU gm
% t:gmlRF_ - =
in gm2

« IfR.>>1/g_, the gain is similar fo a common source stfage having R,

as load resistor
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Cherry-Hooper amplifier (3/3)

* The key advantage of the Cherry-Hooper stage lies in the small-signal
resistance seen at node X and Y (roughly equal to 1/g,,,)

- The associated poles move to high frequency

« Gain: R or g,,;must be increased

E T - Rrorgm T — Vg, | (dynamic

—Mz T m2 range)

Vers {1 @le MV L Bandwidth: C_ is nof under
u control; g, T — out common

@'1 mode

- The Cherry—Hooper design essentially moves the design trade-off
from gain and bandwidth to gain/bandwidth and dynamic range
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Modified Cherry-Hooper design (1/2) |

!

1 |

+  Aresistor divider (R1/R2) is added to the feedback path. Only a
fraction of the output voltage is buffered back to the input

* This allows the designer to increase the gain of the amplifier without
increasing R.org_
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Modified Cherry-Hooper design (2/2)

.

F Vv

3dB CMOUT

[GHz] [V]
31 0.8

62 0.8




Capacitive degeneration (1/2)

=

R.=150 Q
C_,=400 fF
R =100 Q
g [ D TN C, =50 fF
R I I B D Tt g,.,=40 mS
108 10° 1010 101
Freq [Hz]

Transfer Function [dB20]
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Capacitive degeneration (2/2)

« Capacitive degeneration adds a zero w;; and a pole
(0p, >0;;) tO the fransfer function, thus progressively
INncreasing gain in the range w,; < W< We;

* Although bandwidth is effectively increased, it is not
formally a bandwidth extension technique

- Usually used as equalizing filter (for example in analog
CTLE for SERDES), to compensate for frequency
dependent losses in transmission media

- Severe trade-off between gain and boosting:
bandwidth is extended, but the boosting may be too
much
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Distributed amplifier (1/3)

« For a fixed load resistance R, an amplifier achieves higher gain
increasing the device size (and thus its g,,)

L.

>

Unfortunately, increased device size means higher input caps, thus
lowering the bandwidth and getting an almost constant Gain x
Bandwidth product

However, transmission lines have ideally infinite bandwidth but can
be modeled as LC networks
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Distributed amplifier (2/3)

* Lump input capacitance into LC network corresponding to a
transmission line
gRL

VUU[
Vi = = | =
W/L L{W/L \—{W/L I 7 70

oGl el . ?RL:Z

L -

RL

- Signal ideally sees a real impedance rather than an RC low pass
- Often implemented as lumped networks such as T-coils

- We can now trade delay (rather than bandwidth) for gain

* |ssue: outputs are delayed from each other
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Distributed amplifier (3/3)

* A ssolution is to delay the output as the inputs, using a similar
transmission line, thus distributing also the output capacitance

L
9 Zo §Vc:ut

Zo 0 Zo M) Zo
R=Z$ E/L @/L @/L

50Q Vin

—) 2o Zo Zo Zo
Ri=2o

* High bandwidth but also high area occupation and poor noise
performance

* Mainly used in GaAs MMIC, rarely in CMOS
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Outline

Optical RFICs
- Transimpedance Amplifier (TIA)
- Modulator Driver

Conclusions
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Fiber opftics franscelivers

e Let's move more in the

FIBER-OPTIC TRANSCEIVERS el elensien

TiakE MAaT BIRMS | An optical transceiver looks
like a “connected box” with
some standardized |/O,
connecting the optical world
with the electric one

CFP: Common Form Factor Pluggable
CXP: Common Transceiver (X) Pluggable
SFP: Small Form Factor Pluggable

QSFP: Quad Small Form Factor Pluggable
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Optical modules

Optical

Transmitter RF circuit design

Digital control design .
Example of optical module

_. Mechanical design

\ 'Electn'cal signal

SERDES  OPTICAL MODULE OPTICAL MODULE SERDES

Receiver

E/O Module O/E Madule

@ VCSEL PD

COR & Predriver  Driver TIA Postamplifier —
Serializer Deserializer

Example of of high- CoRs
0 0 - CDR &
speed communication Deserializer| | | O/E Module E/O Module | | | cciiaiizer

system r
VCSEL \\

Postamplifier Driver  Predriver

F W WYY
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Transimpedance Amplifier (1/2)

* The term TIA, in its wide sense, refers to any circuit that converts a
current intfo a voltage;

* TIA must satisfy stringent requirements imposed by link budget
(sensitivity, dynamic range, linearity) and speed considerations
(bandwidth, ISl);

Although it is often implemented using an amplifier, conceptually a
simple resistance R, provides all the “transimpedance™

characteristics, converting the flowing input current in voltage
across it TIA

E/O Module P O/E Module
Data |\ @ Data
I/ VCSEL PD

Predriver  Driver Postamplifier
CDR & CDR &
Serializer Deserializer
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Transimpedance Amplifier (2/2)

A transimpedance amplifier converts an input current |, (coming out
from a photodiode) to an output voltage V.

The circuit is characterized by a " fransimpedance gain” R.=dV/dl,

Since photodiodes generate a small current and most of the
subsequent processing occurs in the voltage domain, the current must
be converted to voltage

Several types of transimpedance amplfiers have been proposed
Low impedance TIA
High impedance TIA
Shunt feedback TIA

Common base/gate TIA
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Low impedance frontend (1/3)

BUFFER e A 50 Q load resistor converts PD

current i intfo a proportional voltage
(Ohm law)

* A unity gain buffer (with high input

impedance, mainly capacitive)
Unity gain buffer copies this voltage to the output V,

with high
impedance input

 The most simple TIA you can imagine

- Bandwidth limited by PD cap
and buffer input cap

Noise from 50 Q resistor (assuming
ideal buffer)

[V0:50-ii

@ At least at low freg
R,=50Q }

Q

\ Bw:1/[2n50(cD+CI)]}

I,,.=V4kT/50=18[pA/\ He] J
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Low impedance frontend (2/3)

A similar low impedance frontend may be realized also using a 50 Q
buffer (to make the connection between TIA and buffer more high
frequency compliant)

+
BUFFER
xi_l C
PD D
‘;i¢__|_r

Lo
%509

Because of the 50 Q termination on bo’rhTsioIes, we can use d
standard 7,=50 Q cable, without having to worry about reflections

[Vo=25il} [RFZSQ][ BW:1/[2n25(CD+CI)]J

[ I, ,.,=V4kT/50=18[pA/\ Hz] }
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Low impedance TIA (3/3)

In general, although very simple, it is not good enough
- Low transimpedance

- Bad noise performance

It can be useful only in application where circuit noise is not a
primary concern

Bandwidth is wide enough

Example:

- Popr=10 dBm, PD responsivity = 0.8 [W/A], R=25 Q

- e sveac

- Amplitude good enough for CDR, and bandwidth good for
applications up to 50 Gbps, without stringent noise requirements
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High Impedance TIA (1/2)

o Let'sincrease the load resistor R; up to 500 Q

- Beneficial for fransimpedance value (increased to 500 Q)

- Beneficial for noise performance
Let’s use same unity gain (noiseless) buffer as before

« Same PD capacitance C; in parallel with C,

a

J;—L BUFFER | Rr=200€ ]
Co

Lh
PD (
H,J i BW:1/[2n500(CD+C,)ﬂ

% 500 Q _ \ IWS:MkT/500:5.8[pANEﬂ
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High Impedance TIA (2/2)

Noise performance significantly improves, together with
transimpedance value

Bandwidth dramatically decreases, making the system not suitable
for 10 Gbps application too, because of IS

Low input overload current

- With relatively small TIA input currents (e.g. 2 mA), the input
voltage swing may reach 1V, thus causing input stage overload

- Modulation of the reverse bias voltage of the photodetector
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Shunt Feedback TIA

| Amphﬁer hypothesis
* Gain: A = infinite
* Qutput impedance: zero
« Input impedance: infinite (C=0)
- * BW: infinite |

 All the current from the PD flows into R_(with the excepfion

of the current absorbed by PD capacitance itself)
* The input virtual ground keeps the reverse bias voltage of
the PD constant (good overload behavior)
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Less iIdeal shunt feedback TIA

 Let's make the circuit more realistic
- Amplifier with finite gain A

- Not negligible amplifier input capacitance C,

C,=C,+C, Total cap atTIA input

1
BWBdB:(Dp: A+)
(1+s/w . | — 2n 2nR,C,

_RT

A
(A+1)
(A+1)
R.C;)
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Comments

« The transimpedance R, is approximately equal fo the
feedback resistor R., given a gain A that is much larger

than unity
* The bandwidth is (A+1) times larger than that of an high
impedance fronf-end with load resistor R. and total

capacitance C,

* Additional benefit: the feedback reduces the TIA input
impedance — higher input overload currents

PP __ <A+1)

lOVl N pp
I,ovl
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Finite amplifier bandwidth

o+

 An amplifier cannot have Y
iInfinite bandwidth, so let’s N
approximate it to a more
realistic single-pole
amplifier

* The open-loop frequency
response has 2 poles

A(s):(

1+sT ) Pole time
A’ constant

Low frequency pole
———» Stability, peaking

fa= (2 - TA) High frequency pole
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Closed loop transimpedance

DC transimpedance

| Aptl
(DO_\/RFCTTA Angular frequency of the pole pair

\/(AO+]‘)RFCTTA

Q= R.Co+T, Quality factor of the pole pair

The quality factor of the pole pair controls the peaking and
the overshooting of the closed loop transfer function
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Quality factor

* Q=1/sqrt(3)=0.577: Besselresponse. It is characterized by
a maximally flat group delay and it has not peaking in
the amplitude response, with a very little overshooting

Q=1/sqrt(2)=0.707: Butterworth response:. maximally flaf
amplitude response with a small peaking in the group
delay, and a bit more overshootfing in the time domain

* To have a better dynamic stability (lower Q) demands @
larger pole spacing f, >> f,
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TIA Bandwidth

 Which is the bandwidth of a shunt feedback TIA based
on a finite bandwidth amplifier, compared 1o one based
on infinite bandwidth amplifiere

CV2A (A1) .
3dB
2t R C;

Single pole amp @ fA:M; c Infinite bandwidth amp
F~T

* TIA based on single pole amplifier shows a 3dB
bandwidth higher than TIA based on infinite bandwidth
amplifier (amazing resultlll)
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Transimpedance Iimit (1/2)

Shunt-feedback TIA are usually designed to be “free” of
amplitude peaking (Q<0.707)

It can be demonstrated that in such a case the 3dB
bandwidth of the TIA cannot be higher than ®,/2x

271

A.+1

R.C,T,

There is a trade-off between the achievable
transimpedance, and the TIA bandwidthl!

For a given BW, there is a superior limit to the
achievable transimpedance value
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Transimpedance Iimit (2/2)

Courtesy from [1]
Rr |

Realizable with Realization
ReCr>Ty Impossible

/ Realizable with Technology dependent J
<Ts i
Unrealizable T

RFCT

i

Realization
Possible

A,f,: gain-bandwidth product
—» of the single pole amp

A N n _ & C,: load cap of the transistor inside the amp
0 fAN 2 1T CL o fT CL C,: amp input cap under shorted output cond.

« For a given technology (fixed A,f,) and a given
photodector (fixed C;) the attainable tfransimpedance
drops with the square of TIA BW
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Example: 10 Gbps TIA (1/2)

* Let's start with the following data 150 fF .
_ AO:_5

A =

4/\/\\/\—
i CD:C|=]5O ﬂ: IIJ,
- R=600 Q 1 b_

150 fFT°

« A,and C, are set by the technology used, while R-is @
first guess to achieve R; high enough

5 2A,(A+1
R,=—>—600Q=500Q  » BW3dB—¢ oA ):6,85GHZ

[5+1] 2t R,Cy
* Such a bandwidth is good enough for a 10 Gbps TIA (2/3
of baud rate)
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Example: 10 Gbps TIA (2/2)

e Let's derive other TIA characteristics:
AO

=5 k. C.
Amp Gain BW product: A,f,=44.2GHz

Amp pole frequency: =8.84 GHz

. _ RF E
Input impedance: R,= AO+1_1009

Input ref current density™*: In,m:‘lRﬂ:S.zs pA/+ Hz
F

* The low input impedance, for a fixed maximum

permissible input voltage swing, allows for an higher input
overload current

 *Please note that in the noise calculation, the amp
noise has been neglected
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A comparison

Shunt-FB
Transimpedance [Q] 500 50
3 dB Bandwidth [GHZ] BW 6.85

Overload current [mA] L 2 4
Noise current [pA/sqrt(Hz)] | 5.25 18

n,TIA

3dB

* Overload current has been evaluated assuming
maximum overload voltage at input of 0.2 V

* Compared to Low-Z and High-Z TIA, the shunt feedback
topology provides performance good enough for a low
noise 10 Gbps TIA, while High-Z TIA shows BW limitation,
and Low-Z TIA is TOO noisy
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Example (MOS TIA)

Gain-Bandwidth
PD capacitance
Amp. DC gain
Amp. 3dB BW
Amp. Input Cap
Feedback Resistor
Transimpedance
Input Impedance
TIA 3dB BW

10 Gbps
44 GHz

0.15 pF
14 dB
8.8 GHz
0.15 pF
600 Q
500 Q
100 Q
6.85 GHz

40Gbps
177 GHz

75 fF

14 dB
35.4 GHz
75 fF

300 Q
250 Q

50 Q
27.4 GHz
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Nonzero Amp. Oufput Impedance

Please note that connecting the A,'=g. R, Unloaded Amp Gain
feedback -

resistor RF to the output alters both the T,'=R,C; Unloaded Amp Time
gain and the time constant Constant
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Comments

The transimpedance expression has two poles and no
zeros as it happens when the amp output impedance is
ZEero

The DC transimpedance (fransresistance) is reduced by
the factor 1_RL/(AO'RF)

The pole frequency m, remains unchanged
The Q factor is reduced by the factor R./(Rz+R;)

The effect of the finite output impedance becomes
negligible if we have R, <R,
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Amp with non dominant poles

* An actual amplifier shows additional poles:
- Cascode transistors HAcpon
—20 dB/decade

- Level shifters

- Broadband techniques

3 poles open loop freq resp.
fr=1/(2nR-C)

-180°

- fa=1/(2aT,): amp dominant pole
- [a=1/(2nT,,)
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Comments

* The new non-dominant pole adds phase shift at the
unity-gain freq: phase margin reduction

* To compensate for such degradation

- The amp dominant pole has to be placed at higher

DA
frequenc 0
SIS Y (fA>2:rcRFCT )

- A capacitor C; has to be added in parallel to
feedback resistance R;
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Noise Analysis

* Till now we have always assumed the amp as noiseless,

taking in consideration only noise from R;
Rr

VIV I
.....sm.x__m In,res
@im .
@'nﬁ nTIA@‘ ICD

- Thermal noise from feedback resistor R:

- Gate shot noise from TIA fransistor

- Channel Noise and Induced Gate Noise from TIA
tfransistor
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Feedback Resistor Noise

 The noise current of the feedback resistor R¢ is white and
given by the well-known thermal noise equation

This noise contributes directly to the input-referred TIA
noise because i, .. has the same effect on TIA output as

InTIA

Once the desired tfransconductance is set (R; =R¢), we

cannot avoid this noise contribution, as higher as the
tfransconductance is small
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Gate Shot Noise

Usually a MQOS transistor exhibits a negligible gate current
(and this is a significant difference with BJT)

However in nanoscale technologies gate leakage
Increases rapidly [6]

Metal semiconductor FETs (MESFETs) and heterostructure
FETs (HFETs) can have gate currents up to 1 uA
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Transistor Noise (1/2)

 Thermal noise: caused by thermal fluctuations in the FET
channel

2
In,chan

=4kTyg,,

- k: Boltzmann constant

- Qgo:drain-source conductance af v=0 V

* Induced gate noise: caused by the capacitive
coupling between the channel and the gate

2nfC,°
2G40
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Transistor noise (2/2)

* If the source impedance is capacitive, the induced
gate noise produces a white gate noise voltage

« FET model with a single white drain noise generator |, o

Irzl,chan:4kTrgd0

i Y Y40
G
« I'~2 forlong channel MOS devices

r +(induced gate noise ) Ogawa 'noise factor
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Input Reterred Drain Noise

* Let's now calculate the input referred noise current PSD
of the TIA based on MQOS input stage [1]

Feedback resistor noise FET noise (proportional to f2!!1)

Gate shot noise (often negligible)
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Input and output noise

Input noise current Output noise voltage

A

2 2 A
Iy TIA Viomal TIA Response

Feedback

* The FET noise starts out below the feedback resistor noise (by a
factor g, R-/T") and then begins to rise at the frequency
f,=1/2aR,C;

* The noise corner of the overall input-referred noise is at a
frequency f, slightly higher than f,

* For Butterworth transfer function, the 3 dB bandwidth is often
higher than f., — »V, 14 May have an hump




Noise in BJT shunt feedback TIA

* In BJT implementation, a shunt feedback TIA shows also
not negligible base shot noise (l,;) and thermal noise

because of its base resistance [1] R
VA

2¢gl 2nC.)?
Ii,TIA(f): 4;;T+ C'ISC+2CIIC( J-':2T) f2+4kTRB(2nCD)2f2
F

m

Lo | e
Base shot noise —~Cb

Base shot noise

Feedback resistor noise Collector shot noise =

 Regardless of weather the TIA has a FET or BJT
frontend, the input referred noise current PSD is
composed of white-noise terms and f2 noise terms




Input-referred RMS noise current

* TIA sensitivity is set by the input-referred RMS noise
current, while, till now, we just derived the input-referred
noise current Power Spectral Density (PSD)

p
;mIS"IA_ ! \/f |Z n TIA f W

While the infegral can be tricky to be solved by hands,

Input-referred RMS noise can be expressed in a different
way

li =0, BW, + 3 Ban 1




Noise Bandwidth (1/2)

« BW, and BW,,, are called noise bandwidth, a quantity

that depends only on the receiver’s frequency response
| H(f) | and the decision circuit bandwidths BW

I
Input-Referred Noise

Power Spectral Density: White Noise Total Input-
| Referred Noise:
12 T (XO

n |

a0+a2f2 BW -'f
I n
\
\

.

BW;34s

Courtesy from [1]
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Noise Bandwidth (2/2)

Bw, . noise bandwidth of the TIA for white noise
Bw,,: noise bandwidth of the TIA for 2 noise

For the shunt feedback TIA based on a single pole
amplifier with infinite input and zero output impedance

we get [1]:
A,+1

3 3(A0+]‘>2
BW = BW.,=——
4(RFCT+TA) 16% (RFCT+TA>RFCTTA

)
21C,)
(i;’?;IAN\/(Al}i(T +2qIG)BWn+%(4kTI“( nCy) ) BW>,
F gm

for MOS TIA
Optical RFICs — TOM - 2018/09/19
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Example (MOS TIA)

Transition frequency

Ogawa Noise Factor
Gate current

Transconductance
Amp. Input Cap
TIA 3dB Bandwidth
Noise BW - white
Noise BW - f2

Input rms noise curr

Average | . ,™

10 Gbps
79.5 GHz

2
0

50 M3

0.15 pF

6.85 GHz

7.58 GHz

10.22 GHz

889 nA

10.2 pA/sart(Hz)

40Gbps
318 GHz

2
0

100 mS

75 fF

27.4 GHz

30.3 GHz

40.9 GHz

2.51 uA

14.4 pA/sqrt(Hz)
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Noise Optimization (1/4)

 Which is the best way to optimize MOS TIA noise
performance?

- Using parametric simulations: practical, but not useful to
understand

Looking at noise equations, and understanding how to reduce
as much as possible noise contributions

2n(C +5- .
li TIAN4kT BWn+2q1GBWn+4kTr[ JT( D 1)]
’ R 39,

F \
R_as high as possible: to be allowed to

use high R_, considering the TIA limit, an
high f_helps
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Low gate leakage: I <2 V./R,




Noise Optimization (2/4)

1300

—
no
o
o

1100
1000
900 +

800 +

RMS Noise Current (nA

700 +

01 02 05 1 2 5 10
Capacitance Ratio é,./CD

e This ferm increases with C, + C,
Reduction of photodiode, ESD, pad, input parasitic caps (Cp)

It is not obvious that reduction of C, (C + G4) is helpful
because, for a fixed f;, this term is proportional to g,,, too

f; as high as possible is helpful in term of noise performance

It is possible to demonstrate that €. =C, minimizes the 3 ferm
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Noise Optimization (3/4)

Let us add some additional constraint
fIN1/[2nRF(CD+51)] Fixed open—Iloop input pole
f,=1/2nT,] Fixed open—loop output pole ——»

A, Fixed DC gain

If C,increase (increasing FET width), Rr has to be
decreased accordingly

J,, Increases too, thus R, has to decrease, and C, has to
Increase to keep f, constant

[ Aofa
LA f 4ty

The optimum becomes C,=yC, with wm\/

The optimum input cap is smaller than C,
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Noise Optimization (4/4)

* After this optimization, the input referred noise current
becomes [1]

rc, » Figure of merit
T BWBdB
fr

* Input referred rms noise is proportional to BW;g!-5

-rms 1 Q
Ly, =BW 34570 (1"'@)\/\/8 k

- This means that both R: noise and MOS noise have the same
dependence from the TIA bandwidth

- It is possible to demonstrate that, after noise optimization, the
fraction of i, ams originating from the FET is V¥ , while the fraction
coming from feedback resistor Ry is v1—y
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Noise and bit rate

Bandwidth (BW,) is proportional to bit rate (ISl)

Input referred mean square noise current is proportional to BW3, 4,
Noise performance degrades so quickly when bit rate increases?
- Yes, if we use the same technology (f;) and photodiodes (Cp)
- No, if we use better technology and lower cap photodiodes

Usually we have

- frincreases linearly with bandwidth (bit rate)
1

- Cyis proportional to Jpw,

Under this assumption we have that -
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Capacitance and responsivity

* TIA noise optimization is a quite complex topic, however
It seems that to reduce photodiode capacitance C; is
for sure helpful

- Integrated photodetectors (Silicon Photonics) shows smaller Cg.

However their responsivity too is lower than optimized stand-
alone photodetectors

i VCo 2

P :Q :TIA e Psensm - ln,TIAmCD
sens R R

Normally, optical links based on integrated photodiodes
show a worse sensitivity, because the responsivity
degradation effects are not completely compensated
by lower capacitance Cg
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Low Noise Technigues

* Noise performance can be optimized not only acting on
device sizing, bias currents and component values

* Circuit topology modifications

- Noise matching: passive network in between the
photodetector and the TIA input

Noise canceling: although noise is a random phenomenon, it
can be reduced subtracting two voltages or currents with the
same noise but complementary signal waveform

Bandwidth reduction plus equalizer, to reduce the infegrated
noise
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Noise Matching (1/3)

Matching|
Network j

Yp(f)=j2nfCp Y(f)

 The admittance Y(f)of the photodetector is transformed
with a passive network in Y,,(f), for which the TIA
produces less noise

TIA Vo

- The noise matching network must minimize the noise current
referred to infrinsic PD in the bandwidth of interest

- The combination of noise matching and TIA must exhibit a flat
frequency response Z;(f) from intrinsic PD to TIA output in the

bandwidth of interest

Enrico Sacchi, Cadence Design Systems Optical RFICs — TOM - 2018/09/19




Noise Matching (2/3)

.
..
.. n.res
N
e,
-
-
-
"‘1.
e
"
.
n, -
.
;
.
=
f‘f
[ i i
n,TIA n,s n -
.
-
.
.
N
Ys
.
-
— o
. o
B
-
;
-

o G,(f), the real portion of Y(f), generates noise itself

Ii,TIA(f):4kT|G5(f)|+4Il;T+2qIG+4kTyng[GS<f)+1/RF] +[ZBs(f)+23'l3fC1]

F i gm
,/Feedback resistor \

FET channel noise

Real part of the source impedance

Gate shot noise
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Noise Matching (3/3)

o

_-="" Capacitor

f

Optimum source impedance at a Trajectory of frequency dependent
given frequency optimum in the source—admittance
plan

* A negative capacitance in parallel to the
photodetector would be idedl

* Noise matching networks typically achieve a perfect
match for only a couple of discrete frequencies
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Shunt inductor (1/2)

* The inductor transforms the photodetector admittance
YD(f):j(DCD in+YM(f):j[(DCD_1/U)LP]

:CD

3_‘ é ‘—I {@1\/0
Le
- Y (f)

YD(f>:j2ﬂ:fCDT
* Perfect noise matching is achieved when

« " ~ 1 1
Yyl o)=Y (o)=—jouC,?>L,= =
M( ) pt( ) J 1 P (D2(CD+CI)

* The optimum inductance is frequency dependent, thus
a perfect match happens at a single frequency




Shunt Inductor (2/2)

* |s shunt inductor technique good enough?

- The fact that it conceptually works only at a given
frequency is not the main limitation

- Unfortunately, a shunt inductor makes the whole
transfer function band-pass, making it unsuitable for
receivers of broadband signals

High freq

2

j' L
Low freq
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Series Inductor (1/2)

* The inductor transforms the photodetector admittance
Yo(f)=jwCy in+ YM(f):j(DCD/<1_(D2LSCD)

i T
T E 7@“"’
Yy (f) G

2:gr2n/<ygd0RF)+1/R2F
* Perfect noise matching is achieved when /‘

1 m2<CD+5I)5I+G2

2 2 2 y)

* Low-pass response, with single freq optimum
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Series Inductor (2/2)

* Like the shunt inductor, noise can be minimized only at
single frequency

* This approach becomes appealing it we try 1o minimize
noise at a frequency where noise raises proportionally to

f2
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TIA with post amplifier (1/2)

To break the transimpedance limit, it is possible to add a
post amplifier with gain A, boosting the overall

transimpedance of the same factor A,

A R,
0

- R=500 Q, Ayx f,=44 GHz, A,=2, BW,,=22 GHz (same technology)

Cascade of Butterworth filters
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TIA with post amplifier (2/2)

We can achieve even higher transimpedance trading gain for
bandwidth at A,, but with a bandwidth reduction

In most situations the second factor grows faster than the first one
shrink, leading to a net gain in transimpedance over a TIA without
post amplifier.

Why spend fime and energy to optimize the transimpedance of the
shunt feedback TIA, while we can easily add a post amplifier to
boost ite

- For noise reasons: R: has to be maximized because its noise is
inversely proportional to its value
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Single chip solutione (1/4)

Transmission line for ?*—?—50 2 b A: b
broadbaond connection W -

s0q 509

and matching | |
High power consumption because of buffer and termination

High cost and board complexity

More compact solution, coupling

with significant power [ /—\
saving compared to the

two-chips solution

The swing at amplifier output is very high and there is a lot of noise

Such a noise can be injected back to sensitive TIA input
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Single chip solutiong (2/4)

* The following coupling mechanisms in an infegrated TIA
+ MA can be found

Capacitive coupling between metal traces, bond
pads and package pins

Coupling through chip substrate

Coupling though the inductance and resistance of
shared power and ground connections

Magnetic coupling between bond wires.
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Single chip solutiong (3/4)

* To minimize coupling, the following techniques may be
used

- Place the input and output pads as far apart as possible, ideally
on opposite sides of the chip

Use differential signaling and symmetric placement of the
associated traces and pads

Use a buried-layer shield under sensitive input pads to reduce
substrate coupling

Surround the TIA and MA blocks by shield rings (e.g., substrate
contacts or isolation tfrenches) and separate the blocks by
about 100 to 400 um to reduce lateral substrate coupling
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Single chip solutione (4/4)

Mount the (thinned) chip with a conductive glue on a ground
plane to provide a good (vertical) substrate connection to an
external ground

Use separate power and ground pads for the TIA, MA, and
output buffer blocks and use on-chip decoupling capacitors to
avoid coupling through the power network

Use an on-chip voltage regulator for the sensitive TIA block to
reduce the supply coupling

Keep ground bond wires short and use double bonding, if
possible, to minimize their inductance. Arrange critical bond
wires at right angle to minimize magnetic coupling.
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Ditferential TIA (1/2)

* When TIA and MA are integrated in a SOC and in
multichannel receivers, the use of differential fopologies
IS a good choice

- Immunity to power supply and substrate noise

- Rejection of parasitically coupled signals

* Additionally (at the cost of a current penalty) they
provide

- Higher linearity* (lower even order distortion products)
- Higher voltage swing

* Although never mentioned before, linearity, measured in term of THD, is
an important spec in TIA design
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Ditferential TIA (2/2)

— AAN—
PN Now
A>
v
_/\\/\/\_

Rr

* The two matched photodetectors present a balanced
iINnput impedance

- Any noise on power supply or the substrate couples
equally to minus and plus pin of the amplifier, being
thus suppressed by the CMRR
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Balanced differential TIA with one PD

* Many receivers rely on only a single photodetector,

PDe I R:

kil
R — + = L Vow
AN A %
_ 5 -+t — Nor
C ]

- ___ Rr
* One photodiode is replaced with a replica
capacitor Cg, to match capacitance Cgp

* For best noise immunity, PD and C, must be

connected to the same supply hode, through an RC
filter
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Unbalanced differential TIA (1/2)

 Replica cap C; can be replaced by a huge cap, if noise
Immunity is Not a primary concern

C Rr

L

VH}JG P

_/\/\/\_
B
A
-

_/\/\/\_

CT R's

* Close to asingle endec topology

« R'c noise does not contribute to output noise, thus
allowing for better sensitivity
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Unbalanced differential TIA (2/2) ‘

* Only one output provides feedback, but both output
nodes are swinging in a complementary way

- Differential transimpedance is twice the single ended
one

* Less immunity to power-supply and substrate noise

* If the amplifier has been designed for balanced systems,
its bandwidth, in unbalanced mode, is lower
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DC Input current conftrol

 While the ideal differential TIA effectively shows perfectly balanced
output waveform, with no offset, any other implementation suffers of
output offset, with limitations at output swing

&

Vor

1 Vor

Von J ! E LVCM Von
» L » L

Fully differential TIA Unbalanced differential TIA

« Systematic offset voltage limits the maximum possible output
swing

* A mechanism to compensate for systematic offset has to be
infroduced
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Automatic Offset Control

Noise injection
Parasitic Io?d
(o]

s

The feedback control circuit determines the output offset voltage

by subtracting the tfime average value of the two output signals
and conftrolling the |5, current

In steady-state |, equals the average photocurrent

The control loop must be sufficiently slow to prevent the output
signals from drifting when long runs of zeros or ones are received
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TIA with adaptive transconductance

* Noise — SNR — BER— Sensitivity (minimum amplitfude of
the input current that can be “managed” by the TIA to
guarantee a given BER)

« What about max input

currente

- Starting with a small input
current, the TIA output voltage
swing v, increases proportional

: : : VAR
fo the input current swing /™ lin

Eventually the voltage amplifier
starts to compress and the TIA no
longer responds linearly (7 ™)

Going further, we reach the BB e
overload limit, with high distortion lin lovi
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Extended linear operation

-PP  __
lI ovl VO ovl/R

* The max input current for linear operation as well the
input overload current can be pushed to higher values
by reducing the transimpedance for higher values of
iINnput currents

- Low input currents: max gain

- Input current approaching
linear operation:
transimpedance reduced (by a
control loop)
Beyond a given limit, the control o
loop cannot reduce the gain, s — ],
and an increase of the input hin lov
current causes distortion
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Variable TIA transimpedance

 The impedance of a shunt feedback TIA can be
controlled by

- Varying the feedback resistance R

- Shunfing a variable amount of photodetector current away from
the input

- Atftenuating the photodetector current by a variable amount

* More in general, whatever is the TIA topology, an
additional variable gain amplifier can be added
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Variable Feedback Resistance

* The feedback resistor may be varied

- Continuously, in response to a control voltage V .

— Discretely, in response to a digital code

VaGc
_1

/ Re
) C
IL ./ AN RA

—/\V\ —V/\NRro

- _, ve
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TIA with contfinuous control

* The feedback resistor is implemented with a MOS
operating in the linear regime

o A fixed resistor Ry, in parallel improves the linearity and
imifs the maximum resistance

* The gate of the MOS transistor is driven by the gain
conftrol circuit, providing

- Low V,cc Voltage when a small input current is present
(high feedback resistance —» high gain)

- High V¢ Voltage when an high input current is
present (low feedback resistance —* low gain)
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TIA with digital control

* The maximum feedback resistor is reduced by switching
additional resistors R, Re,...in parallel to it

* A digital conftrol allows for a wider and more precise
transimpedance tuning range

- R, of fransistor used in analog control may

significantly change over corners, while resistors
match better (if R, of single switches is negligible)

* |t requires a digital controller
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Stability and bandwidth conftrol (1/2)

\/(Ao"'l) R.C;T,
RrC+T,

* R: plays a significant role in the TIA loop stability

Q:

- Reducing it while keeping the amplifier (A, and T,)
fixed pushes the TIA towards the instability

- -

Dominant pole

* Moreover TIA bandwidth may change, accordingly to
the desired gain setting, thus Impacting on system
performance (overshooting, eye-opening, noise)
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Stability and bandwidth conftrol (2/2)

* One way to keep the TIA bandwidth approximately
constant is to reduce the gain of the voltage amplifier,
proportional to the feedback resistor

Assuming A, x f, constant (technology dependent) we

gef
AycRy —» fuxl/A, —» f,cl/R;

Both 7 and 7, move together and the open-loop pole

spacing remains fixed, and the close-loop bandwidth is
iIndependent on R: value

 Hard to track amplifier gain and Rg value
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Variable input shunt resistor

For large optical signals R is reduced to divert

some of the photodetector current to ground, wt
thus preventing from overloading the TIA fi

For weak optical signals, R is increased such

that almost all photodetector current flows intfo Rs

the TIA (no sensitivity degradation) Vi eI
restoring

Varying the shunt resistor R has the advantage, over varying the
feedback resistor R, that it is easier to maintain stability and
constant bandwidth

* More robust to overload current (not flowing through the amp)

 Rsisrealized through a FET (added capacitance at input node)
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Variable input attenuator

Current attenuator in between the

photodetector and the TIA
The AC current from the photodetector is ‘;\DN\J Vo

splitted in two branches

- |, flows into the TIA

- |, =1, is damped into the power rail

« Drawback: the DC voltage drop across R varies with the control
voltage

- To prevent the attenuator from disturbing the TIA's operating
point AC coupling capacitor C, is inserted
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AGC and MGC

 Once identified the way to conftrol the transimpedance
gain of an opfical receiver, the following operation
conditions can be set

- Automatic Gain Control (AGC): based on a “feedback”, the
circuit reacts to a change in the input current amplitude,
adapting its gain to have a constant amplitude output signal

- Manual Gain Control (MGC): the circuit is open loop and works
at a fixed gain value. A variation in the input current amplitude is
automatically tfranslated in a variation of the output voltage
amplitfude (although a loop may be closed through the digital
circuits)
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Automatic Gain Conftrol

™
L

— AT

\ \
TIA > vé g DRV >

i

« AGC: through DAC the desired output voltage is set, and the loop
reacts automatically setting the right gain (acting on TIA and VGA).

« MGC: through DAC the desired gain of the chain is set

Enrico Sacchi, Cadence Design Systems Optical RFICs — TOM - 2018/09/19




AGC vs time: input currents vs fime

* 0O <t <10ps: iin=200pA ppdiff, in=2mA ppdiff
e 10 ps<t <20pus: iin=400uA ppdiff, in=4mA ppdiff
20 ps<t <30us: : IN=200pA ppdiff, In=2mA ppdiff

Sat Oct 21 11:26:57 2017

Tin_diff (m#A)

1
30.0

Ty T T T T
0.0 5.0
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AGC vs fime: output voltages

* After the startup, the loop forces the output voltage to the desired
amplitude

« At 10 and 20 ps, the loop, in a time inversely proportional to the
bandwidth, reacts keeping the output amplitude constant

Sat Oct 21 11:26:57 2017

Wtran_dre_load

~
o
<
o

out_diff @ load (mV)
\ o
o

T T T T T T T T T T T T T T T T T T T |
0.0 5.0 . 15 . 25.0 30.0
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AGC vs fime: output voltages (zoom)

« After ashort transient, the output amplitude is exactly the same,
although the input currents are significantly different

* The gain sefttles to different values

|
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AGC vs time: control voltages

* The control voltage Vgc changes lowering the gain when the input
current amplitude increases

 The Pdet output monitors the amplitude of the output signal

Sat Oct 21 11:26:57 2017

M11: 30.0us 36.8057
Wiran_pdet_out

Wtran_vmon
M12: 30.0us 424.019m

0. 5.0 . 15, . 25.0 30.0
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Shunt feedback TIA limitations

* Shunt feedback TIA are widely used, although frade-offs and criticity
have been highlighted

The major issue for a shunt feedback TIA, preventing their use in @

specific type of applications, is the dependence of both bandwidth
and stability on the photodetector parasitic cap

In applications where the TIA has to work with a variety of
photodetectors exhibiting a wide range of capacitances, this
dependence can be problematic
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Common base/gate TIA (1/3)

« Low inputimpedance (R,~1/g, ),
pushing the input pole to high freq

 The photodetector current | flows J:
almost unattenuated through Q1 into &~
collector resistor R

Q1 acts as a unity gain current buffer RI= Ung

with an input impedance much lower
than its output impedance
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Common base/gate TIA (2/3)

« Common base TIA has two poles transfer function
- W, corresponding fo inpuf node

- W,y corresponding to oufput node

* The same fransfer function is achieved using a common
gate MOS TIA, where g,,, is replaced by g,, + 9., (body
effect)

* This TIA, is called feedforward TIA, or open loop TIA; it is
simple but suitable for low power applications, but not
for low noise
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Common base/gate TIA (3/3)

e Second order effects

- A finite emitter resistor Rg or a finite current gain p diverts some of
the photodetector AC current away from R, resulting in a lower
transimpedance and a lower input impedance

Ry=Rc/(1+g,/Rp+1/B) R,=1/(g,+1/Ry+g,/p)

Re and B impact also on the input pole, making it faster
(Dp1:<gm+1/RE+gm/B)/CT

- A non zero output conductance g, increases the input
resistance

R,=1/g,(1+g,R¢)
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Bandwidth considerations

e To make the TIA's bandwidth insensitive to the
photodetector capacitance, the input pole w,, has to

be at a higher frequency than the output pole w,,

71/}
Ry

|

|

|

! X
_ !

|
|
I |
% %
@0 @)1

e |deally x=w,:/®m,, has to be higher than 10 to make
BW, s practically not dependent on Cg value
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\

Common base fransimpedance Iimit

 The concept of fransimpedance limit may be applied to common
gate topology too

The equality is reached only for large values of x. Moreover, as we
increase the pole spacing to decouple the bandwidth from C,, the

maximum achievable transimpedance is linearly reduced

Courtesy from [1] The tfransimpedance reaches
its maximum for x=1, with @
value equal to 41% of the
shunt feedback limit.

Given the same bandwidth
and technology a CB TIA has
a lower fransconductance
than the corresponding shunt
feedback
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CB TIA: input reterred PSD

 To calculate the input referred noise
current PSD we need to find the transfer

function from the noise sources back to
TIA input LA

Under these hypothesis:
(g. R, )>p R, >R, g,R->1

The noise expression is similar to that of the shunt-feedback TIA with
common emitter input stage: the main differences are

- R now plays the role of R;

- New noise term due to bias resistance Rg
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Example (Common

Symbol
Transition frequency

Gain x Bandwidth
PD capcacitance
Input capacitance
Transconductance
Load resistor

Input pole freq
Output pole freq
Pole Spacing
Transimpedance
Input Impedance
3 dB Bandwidth

base TIA)

10 Gbps
79.5 GHz

44 GHz
0.15 pF
O1pF

50 mS
123 Q
31.8 GHz
7.17 GHz
4.44

123 Q

20 Q
6.85 GHz

40Gbps
318 GHz

177 GHz
0.075 pF
0.05 pF
100 mS
61.7 Q
127.4 GHz
28.7 GHz
4.44

61.7 Q
10 Q
27.4 GHz
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Shunt Feedback TIA with input CB

&F
i D__Vo
EV <&
, o

R 1/g, SRS

« The common base current buffer can also be combined with the
shunt feedback TIA

- To still be “insensitive” to photodetector capacitance
- To have better noise performance than common-gate only

- As a drawback, power consumption increases significantly

* The CB stage is loaded by the input impedance of the shunt
feedback stage (R./(A, +1)), much lower than R
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Regulated cascode TIA (1/3)

* Although common base TIA can be realized also with MOS transistors
(common gate), usually the higher transconductance achievable, for

a given current, with BJTs make CB architecture more appealing and
efficient than CG

* The Regulated Cascode topology is an alternative way to increase
MQOS transconductance, without increasing current, but adding a

boosting amplifier
Ro

Vo

WA

’—.
Ri=1/[(B+1)gm]

—
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Regulated cascode TIA (2/3)

* The amplifier B can be easily implemented through MOS transistor

The booster amplifier is realized with a
common source MOSFET stage, Mb and

Vo R, with the following DC gain

* Assuming the boosting stage with a single
pole (at 1/T;), zero output impedance and

infinite input impedance, we get [1]

_\/(Bo"'l)gm - \/(Bo"'l)czrngB
TV C+Cy C;+ByCy+g,iT 5
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Regulated cascode TIA (3/3)

C,=C, + C, + C,,: total input capacitance

- C,: photodetector capacitance with all parasitic capacitances
- C, Input capacitance of the booster amplifier plus Cy,

- Cu: Coat Cuus

Low frequency transimpedance and output pole are coincident
with common gate TIA

The input pole is different and it is substituted by a (complex) pole
pair given by o, and Q, and a zero at w;

The zero and the complex pole could potentially result in a peaked
frequency response and, even worse, in an instability. As a general
rule, a Q around 1/sqrt(2) is recommended
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Regulated cascode TIA bandwidth

Assuming Q=1/sart(2) and , at high frequency, regulated cascode
TIA bandwidth can be calculated [1]

ml

. Input cutoff frequency of the unboosted common-gate
2

- B,fp :gain-bandwidth product of the booster stage

Adding a booster amplifier speeds-up the bandwidth of the input
node to approximately the geometrical min of its bandwidth before

boost is applied and the gain bandwidth product of the boosting
amplifier
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Transimpedance limit

* A transimpedance limit, under the constraint Q=1/sqrt(2) can be
found for regulated cascode TIA too

 Additional hypothesis are

- Gain bandwidth product of common-gate and boosting stage
equal

- Wy close to infinite

- Wy 1= A Dps

» Significantly better than common-gate TIA: the addition of a booster
stage permits a reduction of M1 width without loss in bandwidth.
Smaller M1 means smaller load capacitance C,, permitting a larger

drain resistor RD, and thus a larger fransimpedance
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Input referred noise PSD

* Simplifying assumptions (approximations)

- Rs =, Jmom1=0. uomi=Faome=0. Cyqmi=0
- M1 and Mb induced gate noise negligible

* Referring all noise sources to the input we get

[1]

CM:Cgs,M1+ng,Mb CI:Csb,M1+Cgs,Mb FM1:)/Ml(garo,M1/gm,M1) rMb:yMb<gd0,Mb/gm,Mb) By=G,.m» R3

The first term is smaller than in common gate TIA because higher values
of Ry are permitted, while the second one is exactly the same

* The third term is reduced by a factor (B, +1) while the fourth one is new
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Some TIA example from literature

* If you go to IEEE Explorer Digital Library and look for TIA papers, you'll
get hundreds of results; here, just as example, a short list of TIA
examples found in literature is listed

- K. Vasilakopoulos, S. P. Voinigescu, P. Schvan, P. Chevalier, and A. Cathelin. *A
92GHz bandwidth SiGe BICMOS HBT TIA with less than 6dB noise figure”,
Proceedings of IEEE Bipolar/BICMOS Circuits and Technology Meeting, pages
168-171, October 2015 [13]

H.H.Kim, S.Chandrasekhar, C-A-Burrus and J.Bauman, “A Si BICMOS
transimpedance amplifier for 10-Gb/s SONET receiver”, IEEE Journal of Solid-State
Circuits, SC-36(5): 769-776, 2001[14]

S.Smohan, M.D.M Hershenson, S.P.Boyd and T.H.Lee, “"Bandwidth extension in
CMOS with optimized on-chip inductors”, IEEE Journal of Solid-State Circuits, SC-
35(3): 346-355, 2000 [15]

C.Kromer, G.Sialm, T.Morf, M.L.Schmatz, F.Ellinger, D.Ermi and H.Jackel, “A low-
power 20 GHz 52 dBQ transimpedance amplifier in 80 nm CMQOS”, IEEE Journal of
Solid-State Circuits, SC-39(6), 885-894, 2004 [16]



https://ieeexplore.ieee.org/Xplore/home.jsp

SiIGe BICMOS HBT High Speed TIA

* Shunt feedback TIA optimized for high

VCC

+
with resistor load R i

Emitter degeneration Re to improve TIA

speed )
- Single transistor (Q,) voltage amplifier i
Lc

linearity Vo
Feedback resistor R to close the loop Ml Q>

B
On chip inductors Lg and L. to boost the e .
bandwidth RE% T % i

Shunt capacitor C: to improve high

frequency response and suppress the
noise of Rg

— Common emitter buffer stage (Q,)

ke, Vasilakopoulos, S. P. Voinigescu, P. Schvan, P. Chevalier, and A. Cathelin. “A 92GHz bandwidth SiGe BiCMOS
HBT TIA with less than 6dB noise figure”, Proceedings of IEEE Bipolar/BiCMOS Circuits and Technology
Meeting, pages 168-171, October 2015




Differential TIA with inductive input coupling

—I—Vcc

Signal path with BJT, bias
network with MOS transistors

Shunt feedback architecture

Voutp = ®» Voutn

L2 L2' L1

T 0

M? ~Cp M2 —~Cp'  —=Cx
r—

The gain is provided by the differential pair Q1 and Q1’ and the resisstor load R and R’

Constant current provided by M1 and linear load — constant common mode output
voltage

LC coupling network to improve noise performance

H.H.Kim, S.Chandrasekhar, C-A-Burrus and J.Bauman, “A Si BICMOS transimpedance amplifier for 10-Gb/s
SONET receiver’, IEEE Journal of Solid-State Circuits, SC-36(5): 769-776, 2001
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TIA with common-gate input stage

Vcc

* This design combines two
common gate input stages
with a conventional shunt-
feedback

Shunt peaking inductors L and
L' broaden the bandwidth of

the shunt-feedback stage g

M4 implements the common

gate input stage, decoupling
the PD capacitance from the
critical node at the gate of M1

S.Smohan, M.D.M Hershenson, S.P.Boyd and T.H.Lee, “Bandwidth extension in CMOS with optimized on-chip
inductors”, IEEE Journal of Solid-State Circuits, SC-35(3): 346-355, 2000
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Low voltage regulated cascode TIA

* Regulated cascode TIA for short
optical links

 Two stage booster stage (M, R, / M,
R,;) to give more room to transistor
M1, whose gate, in a conventional
regulated cascode TIA, should be
two Vgs above ground

The two stage boosting amplifier
provides more gain thus resulting in @
lower TIA input resistance

C.Kromer, G.Sialm, T.Morf, M.L.Schmatz, F.Ellinger, D.Erni and H.Jackel, “A low-power 20 GHz 52 dBQ
transimpedance amplifier in 80 nm CMOS”, IEEE Journal of Solid-State Circuits, SC-39(6), 885-894, 2004
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Some TIA example (1/3)

| ANALOG
DEVICES

* Analog Devices optical TIAs offer a complete, high performance,
single chip solution for converting photodiode current into a
differential voltage output. “Supporting darta rates from 155 Mbps fo
11.1 Gbps, our fransimpedance amplifiers are ideally suited for darfa
communications and telecommunications applications supporting
lay protocols including 1x, 2x, 4x, and 8x Fibre Channel, I0GBASE-
LX4, SONET/SDH up to OC-192 with FEC, and 10 Gigabit Ethernet.” .

Optical Transimpedance Amplifiers

Choose Parameters Al | Reset Table (G Maximize Filters fif  Sort by Newest 4 Download to Excel 222  Share
Part Number Eval / Ref Circuit i  Transimpedanie Vs ii Data Rate ii Power # Current Noise i l-overload turn Loss i Price (1000+) ii Package
us

ii Re
D Ohms typ | V max | bps typ | W Density typ | A Output
v’ Filter parts typ | ArrtHz typ [ dB

2 Values Selected ¥ 3.5k T4k 33 -5 220M -43G 70m  -350m  3p -20p 350u -400m = -26.00 --10.00 299 -8.15 6 Values Selected ¥

7 parts

LTCB561 NEW - 74k 5 220M 228m 3.8p 400m - $8.15 (LTC6561IUF#PBF) 24 1d LOEN -1;4x4_x0,94mm W/EP (See Drawing)).24 LD QFN
(4x4x0.75 w/2.45mm EP)

HMCE590 - 4k 3.3 43G 310m 20p 4m - - CHIPS OR DIE
HMC7590 - 3.5k 3.3 43G 300m 20p 4m - - CHIPS OR DIE

HMC798 ] 10k 5 1G 350m 16 ld QFN (3x3mm w/1.7mm ep)

ADN2880 - 4.4k 3.3 . 70m 6.6p . - $3.14 (ADN288OACHIPS) CHIPS OR DIE

ADN2820 - Sk 3.3 10G 200m 10p . - - CHIPS OR DIE

AD8015 - 20k 5 125m 3p - $2.99 (ADB015ARZ-REEL7) 8 Id SOIC.CHIPS OR DIE
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Some TIA example (2/3)

QONrvo
all around you
* QORVO:itis an American semiconductor company that designs,
manufactures, and supplies radio-frequency systems and solutions
for applications that drive wireless and broadband
communications. It comes from the merging of
Triquint Semiconductor and RF Microdevices

QORVOQO's transmipedance amplifiers (TIAs) are high-efficiency, die-
level solutions that support key requirements for 100 to 400 Gb/s
opftical networks. “ Our product line serves both the fransmit and
receive portions of high performance opfical nefworks”

— Transimpedance Amplifiers (4)

Part # s  Description

TGA48T1 Quad Limiting Transimpedance 6,000 130 to 190
Amplifier

TGA4872 32 Gb/s Dual Linear Transimpedance 100 to 7,500 200 to 900 : 186
Amplifier with AGC

TGA48T4 32 Gb/s Quad Linear Transimpedance 100 to 6,800 200 to 900 X 344
Amplifier with SPI Control

TGA4B75 100G PAM4 / DMT Transimpedance 5.400 750 : 110
NEW Amplifier
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Some TIA example (3/3)

Partners from RF to Light

* MACOM: MACOM Technology Solutions is a developer and producer of
radio, microwave, and milimeter wave semiconductor devices and
components. The company is headquartered in Lowell, Massachusetts.
MACOM's optoelectronics products also includes a wide range of
transimpedance amplifiers (TIA) for line and client side 10G, 40G and 100G
fiber optic receivers. “ Our portfolio includes linear TIAs for long haul
coherent receivers and limiting TIAs for shorter range NRZ based receivers. "

Part Number  1:  Ordering Short Description Max Data Differential small signal Input Input Optical Optical
Rate (Gbps) Transimpedance Bandwidth Overload Referred sensitivity Sensitivity
Gain (kOhms) (GHz) Current (mA) Noise (IRN, with PIN with APD
RMS nA) (nA) (dBm) (dBm)

0.2 56 2 10000 20 35 1.5 4.5 0 1500 -39 -7 -35 -25
5 e o o=y S0 06 o o @
M03002 nquire 28 Gbps Transimpedance Amplifier 28 2
(TIA)

M03100 nquire 28 Gbps Quad Channel 28 : 22
Transimpedance Amplifier (TiA)

MO3101 nquire 28 Gbps Quad Channel 28 2
Transimpedance Amplifier (TiA)

M03102 nquire 28 Gbps Quad Channel 28 21
Transimpedance Amplifier (TIA)

MATA-003806 nquire 32 Gbps Dual Channel Linear TIA for 25
DP-QPSK Advanced Receivers

MATA-005817 uire 56 Gbaud Single Channel Linear Tl 35
MATA-03003 Inquire 28 Gbps TIA . il

MATA-03006 Inquire 28 Gbps Transimpedance Amplifier . 21
(T1a)

MATA-03013 Inquire . 2 -18

MATA-038024 Inquire Dual Channel Linear TIA 25
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A TIA example from ISSCC [17]

A.Awny, R.Nagulapalli, D.Micusik, J.Hoffmann, G.Fischer,
D.Kissinger, A.C.Ulusoy,

“A Dual 64 Gbaud 10 kQ 5% THD Linear Differential Transim
pedance Amplifier with Automatic Gain Confrolin 0.13 um
BICMOS Technology for Opftical Fiber Coherent Receivers”

2016 IEEE International Solid-State Circuits Conference

o o

Paper, courtesy from IEEE Slides, courtesy from IEEE
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https://ieeexplore.ieee.org/document/7418079/
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https://ieeexplore.ieee.org/document/7418079/
ISSCC2016-TIA_IHP.pdf

Outline

Optical RFICs

- Modulator Driver

Conclusions
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Comparison of LED & Laser

Characteristics
Output Power

Current
Coupled Power
Speed

Qutput Pattern
Bandwidth
Wavelengths available
Spectral width
Fiber Type

Easy to use
Lifetime

Cost

LEDs

Linearly proportional to drive
current

Drive current: 50 to 100 mA pk
Moderate

Slower

Higher

Moderate

0.66 1o 1.65 um

Wider (40-190 nm FVHM)
Multimode only

Easier

Longer

Low (5 to 300 $)

Lasers

Proportional to current above
the threshold

Threshold current: 5 to 40 mA
High

Faster

Lower

High

0.78 fo 1.65 um

Narrow (0.0001 to 10 nm FVHM])
SM, MM

Harder

Long

High (100 to 10000 $)

Enrico Sacchi, Cadence Design Systems
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Laser driver

* A Laser driveris the key block in the optical communication TX chain
(Electrical to Opftical module). It amplifies the RF voltage aft its input
(usually provided by a predriver) and, in principle, it can be viewed
as a simple current switch that turns the laser on and off, according
to the logical value of the data [3]

* A driver has to satisfy stringent requirements, mainly related fo its
speed and linearity, but its design is hard also because of
technological constraints in output current capability and voltage

compliance
DRIVER

E/O Module z O/E Module
Data *D @ Data
FD

Predriver TIA Postamplifier
CDR & — P CDR &

Serializer Deserializer
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Modulation of opfical source

* There are two alternative ways to generate a modulated
optical signal

- Direct modulation: the laser is turned on and off by modulating
its current

- External modulation: the laser is on at all times (CW laser), and
the light beam is modulated with a kind of optoelectronic
shutter (a modulator)

Laser Laser Modulator

np—2r

Direct Modulation External modulation
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Transmitter specifications (1/2)

* Spectral line-width

- Itis the width of its optical spectrum. More precisely, it is the
width of the power spectral density of the emitted electric field
in terms of frequency, wavenumber or wavelength.

Also assuming a perfectly monochromatic CW light source, the
spectrum of an NRZ modulated signal is roughly wide like the bit
rate. The wavelength line-width is then defined as

- Example: A=1.55 nm, B=10 Gb/s — AA=0.08 nm
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Transmitter specifications (2/2)

- For most transmitters, the modulation process not only changes
the light's amplitude, but also phase and frequency (chirp), thus
causing the spectral linewidth to broaden (this is more evident in
case of direct modulation)

- Alphais called “chirp parameter” or line-width enhancement
factor

 Extinction ratio

- Optical transmitters do not shut off completely when a zero is
transmitted. This effect is captured by the definition of extinction

ratio (ER=P,/P,)
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Modulators

* Two types of external modulators are used in coherent
opfical communications systems

- Electroabsorption modulator (EAM)
 Small
* |t can be integrated with the laser on the same substrate

- Mach Zender modulator (MDM)

* Larger
* Superior chirp and extinction ratio characteristics
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Mach-Zehnder modulator

* The Mach-Zehnder modulator employs a Lithium Niobate (LiINbO3)

crystal, in which the propagation velocity is a function of the electric

fleld across it
ﬂ_ﬂﬂ_Vin

Input light

Output signal
(from CW laser)

* The incoming opftical signalis splitted equally and is sent down to
two different opftical paths; after few cm the two paths recombine,
causing the optical waves to interfere with each other

In LINLQOS3 crystal, the propagation velocity is a function of the
electric field applied across it. The phase shift experienced by light
may be modulated by an electrical signal
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Laser and modulator driver

* The laseris an optical device. Where is the boundary
between electrical and optical?

- Direct modulation — laser modulator

- External modulation — driver modulator

Both laser and driver modulator are electric circuits (that
can be intfegrated on silicon) that provide, respectively, the
laser bias current, and the voltage needed to implement
the “modulation”

Because external modulation allows for best performance
(lower chirp degradation) let's focus on driver modulator
only
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Some example from industry (1/3

Qorvo

all around you

QORVO: it is an American semiconductor company that designs,
manufactures, and supplies radio-frequency systems and solutions for
applications that drive wireless and broadband communications. It comes
from the merging of Triquint Semiconductor and RF Microdevices

Number of 3dBBW RFPort Output Gain Voltage ['] Part
Description Channels  (GHz) IN/OUT (Vpp) (dB) (v) (mA) Number

11.3 Gb/s EML Driver, 4x4mm? 8 Diff/Diff | 1.8-4.5 30 33 130 TQP5115
28 Gb/s Differential SMT Modulator Driver 25 Diff/Diff 6-9 24 4-5 450 TGA4957-SM
32 Gb/s Differential SMT Modulator Driver 27 Diff/ Diff 6-9 25 5 428 TGA4959-SL
37 SE/SE 4-6 1 6-8 215 TGA4852
50 SE/SE 1-3 12 2.5-3.3 50 TGA4840
33 SE/SE 1-3 1 2.5-3.3 50 TGA4840-SM
30 SE/SE | 1.5-2.5 " 2.5-3.3 TGA4851-SL
50 SE/SE | 1.5-2.5 13 2.5-3.3 QPA4971D
37 SE/SE | 1.5-2.5 13 2.5-3.3 QPA4971
30 SE/SE | 1.5-2.5 13 2.5-3.3 QPA4854
27 SE/SE 4-9 32 6 TGA4943-2-SL
25 Diff/SE 3-5 26 3-5 TGA4899-SL
27 Diff/SE 3-5 28 3-5 QPA4961*
45 Diff/SE 4.5 27 3-5 QPA4964*
45 Diff/SE 4.5 27 3-5 QPA4LF64A"
45 Diff/ Diff 3-5 QPA4963D*

ey

Wideband Driver Die (Linear or Limiting)

Low Power Wideband Driver Die (Linear or Limiting)

Low Power Wideband Modulator Driver (Linear or Limiting)
Low Power Wideband Quad Modulator Driver {Linear or Limiting)
Wideband Driver Die (Linear or Limiting)

Wideband Modulator Driver (Linear or Limiting)

Low Power Wideband Quad Modulator Driver (Linear or Limiting)
32 Gb/s Optical Modulator Driver

32 GBaud Quad Linear Driver

32 GBaud Quad Linear Driver with Equalization

64 GBaud Quad Linear Driver

64 GBaud Quad Linear Driver with Equalization

64 GBaud Quad Linear Driver Die with SPI

N N N e S S N (U G ey
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https://en.wikipedia.org/wiki/TriQuint_Semiconductor
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Some example from industry (2/

Partners from RF to Light

MACOM: is a new breed of analog semiconductor company-one that delivers
a unique combination of high growth, diversification and high profitability. * We
are enabling a better-connected and safer world by delivering breakthrough
semiconductor technologies for opftical, wireless and satellite networks that
satisfy society’s insatiable demand for information”.

Part Number L Ordering Short Description Linear/Limiting Max. Data- Input Voltage Mumber of Channels Rise/Fall Time Output Supply Voltage
Rate (Gbps) - Min (mVpp) (ps) Voltage - Max. (v)
(vpp)

1.3 46 400 700

MAOM-001201 Inquire 11.3 Gbps EML Driver Die Limiting 13 400
MAOM-002200 Inquire 28 Gbps EML Driver Limiting 28 500
MAOM-002203 Inquire 28 Gbps EML Dri Limiting 28 500
MAOM-002207 Inguire 28 Gbps EML Driver Die Limiting 28 500
MAOM-003115 Inquire 28 Gb/s Linear EA Modulator Driver IC  Linear 28 600

MAOM-003401 Inquire Low Power, Quad Channel 28Gbps Limiting 28 700
EML Driver

MAOM-003418 Inquire Quad Channel 46Gbps Linear Linear 46 450
Modulator Driver

MAOM-02204A Inguire Quad Channel 28Gbps EML Driver Limiting 500

MAOM-03409D Inquire 32 Gb/s Linear Differential Modulator  Linear 700
Driver IC

MAOM-03417B Inquire Quad Channel 32 Gbps Linear Linear 12 4.5 5
Modulator Driver

Enrico Sacchi, Cadence Design Systems Optical RFICs — TOM — 2018/09/19



http://www.macom.com/

Some example from industry (3/3;
p P 4 XX Inphi

Inphi’s industry leading drivers for 100G to 600G coherent technologies provide
cutting edge performance, quality and reliability to enable the exponential
acceleration of big data transmissions for long haul and metro applications.
Drivers take an encoded signal from DSP and amplify electrical data to high
voltages for transmission over opftical lines. * Our drivers enable applications
covering distances of 100m fo 1000 Kms at data rates up to 600G. This includes
drivers for high performance Mach-Zehnder modularors, externally modulated

lasers (EML) and directly modulated lasers (DML)."”

r A Product Type Market Segments

N3214HG Modulator Drivers Long
Haul/Metro

Modulator Drivers Long
Haul/Metro
Modulator Drivers

Modulator Drivers

Modulator Drivers

Modulator Drivers

Modulator Drivers
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Modulation and bias voltage (1/3)

* A single ended modulator driver
shows

+

Modulator
Differential data at input Load

An (optional) clock input

A voltage V,,(t) at the output,
across the modulator

Additional control signals
« The modulation voltage Vs is the difference between the “on"” and
“off"” state voltage supplied to the modulator driver (V. =V,,P)

- EAM driver: the bias voltage (or DC offset voltage), V;, is the
voltage supplied by the driver during the “on’ state

- MIM driver: V; is the average voltage supplied by the driver
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Modulation and bias voltage (2/3)

EAM Modulator MZM Modulator

" LB

p:‘lfM

+——pd4—>»r —»

VB Vs Vs

« EAM modulator: the output voltage swing must be equal or larger
than the modulators’s switching voltage V. to obtain a sufficient

extinction ratio (ER)

MZIM modulator: the output voltage swing must closely match the
switching voltage V11, ER degrades if the voltage swing is smaller or
greater than V11 because of the sinusoidal switching curve
(undermodulation or overmodulation)
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Modulation and bias voltage (3/3)

* The optimum bias voltage for MZM (assuming On-Off keying) is at the
midpoint of the switching curve, also known as the “quadrature point”

Because of paths mismatch and drift, the quadrature point is not known
a priori; usually an automatic bias controller (ABC) is used to generate V,

* The required voltage swing often dictates the driver technology. For
example, whereas a 3 V swing usually can be attained with a SiGe
technology, a 5 V swing may necessitate a GaAs techology

Voltage swing Bias voltage
Vs [V Ve [V]

S

EAM modulator 02<V.<3 EAM modulator O<V, <1
MZIM modulator 0.5<V,<5 MZIM modulator 0<V,<10
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Rise and fall time

 Therise time (tz) and fall time (1) of a modulator driver output

voltage can be measured in the electrical (oscilloscope) or optical
domain (O/E converter + oscilloscope)

-tz is measured from the point where the signal has reached 20%
of its full value to the point where it has reached 80%

- t:is measured, similarly from the 80% to the 20% point

* The rise and fall time must both be
shorter than one unit interval (Ul), to
avoid ISl

- For an NRZ system usually the
total system rise time has to be
lower than 0.7 Ul (including fiber

rise time and RX rise time) (courtesy from [2])
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Pulse width distortion

* An offset or threshold error in the driver circuit may lengthen or
shorten the electrical output pulses relative to their ideal width of
one Ul

The deviation of the pulses from their ideal width is known as pulse-
width distortion (PWD) and its amount t.,p is defined as the

difference between the wider pulse and the narrower pulse, divided
by two.

A low top IS desirable because it improves the horizontal eye

opening and helps in RX Clock and Data Recovery (CDR). Many
modulator drivers contain a Pulse Width Control (PWC)

(without PWC) t,o (With PWC)
[PS] [PS]

2.5 Gb/s <20 <16

10 Gb/s <5 <4

tPWD
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Jitter generation

As adlready discussed, data signals in a receiver not only suffer from
PWD, but also from timing jitter. Some of this jitter is produced in the

transmitter, and is known as the jitter generaﬁonl

Jitter in the electrical output signal is
caused by noise and ISI from the driver
circuit, and also by reflections on
Inferconnects

A lower jitter generation is desirable Histogram 5
because it improves the horizontal eye i
opening and make the clock-recovery “«—»

. : PP
process at the receiver more robust Tj

rms pp
tTJ tTJ

Typical values for transmitters are 0.01 Ul
rms and 0.1 Ul peak-to-peak 25Gb/s <4pS <40pS

10 Gb/s <1pS <10 pS
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Driver circuit concepts

 Whatever is the practical implementation, given the characteristics
a driver has to present, its design has to be based on the following

concepfts
Current steering output stage
Back termination
Predriver
Pulse-width control
Data retiming
Automatic bias conftrol

Analog modulator driver
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Current steering output stage

The output stage of most modulator driver is based on the current
steering circuit (both BJT or MOS)

When driving a differential load (like the dual driver MZM), both
outputs are used
- The differential design is insensitive to

input common-mode noise and e
power/ground bounce Modulator

- Total power supply constant (no matter
if a0 oralistransmitted), but it is twice
than necessary

- The voltage across the tail-current .
source |, is set by the input CM voltage @I
B

- The modulation voltage can be easily

controlled varying the tail current ;
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Modulator loads

* Both EAM and MZM modulators may be driven by current-steering
Circuits
+

_l_.n

Re @ EAM RFC RP§

i
C1 MZM Cz
DC coupled EAM AC coupled MZM RFC

Vs

« DC coupled EAM: the parallel resistor R, converts current into
voltage: Vs = R, x |, (modulation voltage)

« AC coupled MZIM: pull up inductor followed by AC coupling; Vs = R;
X Iy, wWhere R; is the MZM termination resistance

- The bias voltage V; is applied to the modulator through a bias T
(RF choke + AC coupling C,)
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Dummy load

. + +

Modulator Modulator

* The purpose of the dummy load is to increase the symmetry of the
output stage. In fact asymmetric load configuration results in

- Input offset voltage — PWD

- Undesirable modulation of the voltage across the tail current
* |In presence of parasitic cap, overshoot can be caused
* Undesirable current variation

- Impact on the pre-driver symmetry (two unequal Miller caps) —
kick back noise at its inputs
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Switching speed

* Current steering circuits, to work for high speed drivers, need to be
very “fast”

- BJT implementation: emitter area has to be large enough to
avoid critical current density (Kirk effect), but not too large, to
minimize input and output caps

MQOS implementation: channel length as short as possible, but
not too short, to avoid drain-source breakdown voltage. MOS
width has to be large enough to ensure full switching at a given
input voltage swing, but not too large, o minimize input and
output capacitances

* Electromigration issues for inferconnection too: the output fime
constant of the driver increases with the maximum output swing.
Larger voltages require larger fransistors and wider metal traces
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Back termination (1/2)

N
* The connection between the driver é"""d“'amr
output and the modulator may be %

- On-chip traces Parasitic

Inductance

- Bondwires

- Flip-chip connections

The current flowing in this connections is
high and fastly switching

Whatever is the implementation, the parasitic inductance associated
with the connection line causes a voltage drop across it, and possibly

rnging too
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Back termination (2/2)

* For high-speed drivers where the load is more than few mm far
away, a transmission line is mandatory

- The parasitic wire inductance is counterbalanced by @
distributed cap, to make the characteristic impedance real

If a fransmission line is used fo connect the driver to the modulator,
undesiderable reflections may occur. To avoid reflections from the
load end of the transmission line back intfo the driver, the modulator
must be matched to the characteristic impedance of the
tfransmission line
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Passive back termination

Open collector driver Back terminated open collector driver

Modulator Modulator
: L [URL

Modulator impedance may be bias dependent — some power is
reflected back to the driver

If the driver shows an high impedance

- Double reflections — extinction ratio, jitter degradation

Adding termination resistance R; (= Z,) eliminates double reflections

- Power hungry: only half of the tail current reaches the load
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Active back termination

+
% Modulator

@llw’k In

 Active bc:ck—’rerrhinoﬂon IS a method to avoid double reflections
without doubling power consumption

- The back termination R; is connected to an AC voltage
generated by a replica stage

- No power is wasted in the back termination R; (the voltage at
the two resistor nodes is always the same)
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Pre-driver

* Driver may deliver up to hundreds of mA to the modulator load.
Output transistor size has to be large enough — Input capacitance
may be quite large

- On chip driving of output transistor at fast speed may be
Impossible

Off chip driving could work, but input return loss of output stage
may be critical to be achieved

* Another trade-off sizing driver MOS output stage is about input cap
and switching voltage

- Small devices means small cap but higher switching voltages

- Big devices means big cap but lower switching voltages

* Usually a pre-drniveris generally used to drive the output stage
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Pre-driver: an example

—_

s 3 3

@@W?

Vinn

Emitter followers Q3 and Q3’ proviée the necessary low impedance to
drive the driver output stage at high speed

- Emifter follower output impedance may be inductive: aftention has
to be payed, to avoid ringing or oscillations

Q2 and Q2' constitutes the gain stage, with lower tail current and
smaller fransistor size than output stage

* Q1 and Q1" work as level shifter and additionally reduce the input cap
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Pre-driver design techniques

* Predrivers are usually designed using some of the already discussed
broadband techniques

- Feedback techniqgues
* Series feedback (emitter/source degeneration)
* Shunt feedback
* Cascode transistor

- Interstage reduction techniques
* Interstage buffer (emitter follower)
* Negative capacitance

- Inductive techniques

* Inductive load (shunt peaking)
* Inductive interstage network (series peaking, T-Coail)

Enrico Sacchi, Cadence Design Systems Optical RFICs — TOM - 2018/09/19




Pulse-width control (1/2)

* Pulse-width control need to be implemented in modulator drivers to
compensate for pulse-width distortion, generated by offset or by
asymmetry between turn-on and turn-off delay of the modulator

ifself

Most of the pulse-width controllers operates by introducing a
variable offset at the input of the pre-driver

- It compensates for the random offset voltage of the pre-driver
itself (offset loop)

- It predistorts the electrical output signal such that after electrical
to optical conversion the optical pulses are free of PWD
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Pulse-width control (2/2)

PWC controllers

e PLEORC ™ VenPEOCEX

| »

»t

* Two adjustable current sources introduce the variable offset voltage
and the subsequent current steering circuit in the predriver acts as the
limiter
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Data retiming (1/2)

* In high speed modulator drivers, the input data signal is often
resynchronized with a clean clock signal before being fed to the
predriver

- Data retiming eliminates pulse width distortion and jitter from the
input signal

However the clock signal jitter directly appears at the driver
output '

éModuIator

FLIPFLOP
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Data retiming (2/2)

* Retiming flip-flops are usually implemented with Current-Mode Logic
(CML)

- High speed
- Low sensitivity to common mode and power-supply noise

- Constant supply current — minimization of power and ground
bounce

S

T 3 @

iR
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Automatic bias control

Since the switching curve of Mach-Zender modulators suffers from
voltage drift with tfemperature and age, an Automatic Bias Conftrol
(ABC) mechanism usually is required to obtain stable operations

The driver output voltage swing is modulc’red with a small signal low-
frequency tone (pilot) Pour

f I I Incorrect bias voltage

*\Vm

T

vi

Corrected bias voltage
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Linearity requirements

* While noise may be considered the *hot” spec for TIA, linearity is a

key issue in the tfransmission path, when max optical power has to
be delivered

* Linearization techniques may be applied both in optical domain (at
EAM or MZM level) or in electrical domain

- Optical feedforward linearization
- Predistortion circuits

- Analog technique for modulator driver linearization
 Degeneration
* HD cancellation
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IM3 cancellation

Third order harmonic distortion
may be canceled out adding a
current, with the same IM3, but
with different sign

H I, Additional stage burns @
L fraction of the bias current |,,
1y

Modulator

11:(IM/2)+i1 ZZ(IM/ZK)+i2

,W A
i q L

—
JC

S. Otaka, M. Ashida, M. Ishi and T. Itakura, “A 10 dBm IIP3
SiGe Mixer with IM3 cancellation technique”, IEEE Journal of
Solid-State Circuits, Vol. 39, N. 12, Dec. 2004
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Modulator driver specs (1/2)

ltem Condition

Ext diff load [Q] Load presented between P,N ports
Max data rate [Gbps]

3 dB bandwidth [GHz]

Diff input signal [mV__ ]
Diff output swing [V
Max Gain [dB]

Min Gain [dB]

Gain step [dB]

Gain variation [dB] Over temperature (-5°C <T< 100
oC)

ppd]

THD [%]
Gain diff between ch [dB]
Low Freq. Cutoff [MHz} Reference frequency 1 GHz 0.5

Isolation between ch [dB] 40
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Modulator driver specs (2/2)

[tem

Input return loss [dB]

Output return loss [dB]

CMRR [dB]

Power consumption [W]
Supply voltage

Input DC CM [V]
Output DC CM [V]

# of channels

PKD accuracy [%]

Condition

0.1 GHz<f<16 GHz
16 GHz < f <24 GHz
24 GHz < f <EBW
0.1 GHz<f< 16 GHz
16 GHz < f <24 GHz
24 GHz < f <EBW
0.1 GHz < f <EBW

Integrated DC block

Over temperature (-5 °C <T< 100 °C)
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Distributed BJT MZM driver

N ed
é R
e
%

Dual Drive
MZM mod

.

!

VEee
* The large output cap of transistor can be distributed into an artificial

transmission line splitting the current steering transistor pair into n
smaller pairs and connecting them with inductors

The speed is now limited by the cutoff frequency of the transmission
lines which can be made high by choosing a large number of
sections n

Thomas Y. K. Wong, Al P. Freuntdorfer, Bruce C. Beggs, and John Sitch. “A 10Gb/s AlGaAdGaAs HBT high
power fully differential limiting distributed amplifier for 111-V Mach-Zehnder modulator”. IEEE J. Solid-state
Circuits, SC-3 1 (10): 1388-1393, October 1996
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CMOS pre-driver

o o e

Used in a 10 Gbit/s laser modulator driver realized in 0.18um CMOS

Current steering circuit (M, and M,’) with series inductor L1, Tcoil and
load resistor R and R’

Negative impedance converter to cancel out load capacitance
provided by transistors M; and M’

Sherif Galal and Behzad Razavi. “10-Gb/s limiting amplifier and laser/modulator driver in 0.18-pm CMOS
technollogy”. IEEE J. Solid-state Circuits, SC-38 (12): 2334-2340, December 2003
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A Driver example from ISSCC

E. Temporiti, G. Minoia, M. Repossi, D. Baldi, A. Ghilioni and
F. Svelto

“A 56 Gb/s 300mW Silicon-Photonics Transmitter in 3D-Int
egrated PIC25G and 55nm BICMQOS Technologies”

2016 IEEE International Solid-State Circuits Conference

o o

Paper, courtesy from IEEE Slides, courtesy from IEEE
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https://ieeexplore.ieee.org/document/7418078/
https://ieeexplore.ieee.org/document/7418078/
https://ieeexplore.ieee.org/document/7418078/
ISSCC2016-DRIVER_STM.pdf

Outline

Conclusions
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Conclusions

* So called "Optical” RFICs, such as “TIA" and “modulator
drivers” are an hot-topic

- R&D: looking for technology solutions providing higher
performance o accommodate the need for higher
speed communications

- Products: big business, even growing in the next 5/10
years

« Complex topic, requiring different skills: integrated circuit
design, communication, system, tfechnology, opfics

* |f you are inspired by this topic, this is the “momentum”
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