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Overview

e Introduction

e Optical Fiber

e Photodetectors

e Receiver Fundamentals

e Transimpedance Amplifiers (TIA)

e Main Amplifiers:
Limiting Amplifiers (LA)
Automatic Gain Control (AGC) Amplifiers

® Lasers and Modulators

® Drivers:
Laser Drivers

Modulator Drivers

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Optical Transcelver
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Modulation Schemes
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e NRZ: Most commonly used

® RZ: Less SNR, but more bandwidth required
Used in high—speed long—distance transmission

e PAM, QAM, AM-VSB, etc.
Less bandwidth, but more SNR required
Used in CATV/HFC systems, etc.

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Continuous Mode vs. Burst Mode

Continuous mode: Burst mode:
1001011100110000111 1010 1011
L | ﬂﬂ ig!
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e DC balanced e Not DC balanced
- Scrambling - Bursty
- 8B10B encoding - Large amplitude variations
® Synchronous ® Asynchronous bursts
® Used in e Used in

SONET, SDH, GbE, 10-GbE, ... BPON, EPON, ...



Backbone vs. Access Networks

CO O CO

- o

0...10,000 km

Backbone, Metro, LAN:
e Short to ultra—long reach
® High—-speed (2.5 ... 40 Gb/s)
e Point-to—point
— Continuous mode

Multiple Access

CO

Splitter,
Combiner

0...20km
Access (PON):

® Short distance
® Low-speed (50 Mb/s ... 1.25 Gb/s)

e Point—to—multipoint
— Burst mode (upstream)
— TDMA protocol



Optical Fiber
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E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

Digital Logic




Loss & Bandwidth
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e Extremely low loss

1000x ... 2000x better (in dBs!) than coax cable at 10 GHz!
e Extremely high bandwidth

>10 THz in 1.55 um band (C + L) alone!

Fiber Communication,” John Wiley & Sons, 2005.



Modal Dispersion

Fast Path

Slow Path

Fiber Core Cladding

e Multimode fiber (MMF):
- Fiber core =50 ...100 um
- Easy alignment, cheaper systems (laser, connectors, ...)
- Modal dispersion causes pulse distortions
— Limit: 100 ... 300 m at 10 Gb/s

® Single—mode fiber (SMF):
- Fiber core =8 ...10 um
- No modal dispersion (only one pathway mode)



Chromatic Dispersion
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e Standard SMF:
- Almost no chromatic dispersion at 1.3 um
- D =17 ps/(nm km) at 1.55 um

i John Wiley & Sons, 2005.
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Pulse Spreading due to Chromatic Dispersion

® AT=|DILAA

® Pulse spreading depends on
- Chromatic dispersion parameter D
- Link length L
- Spectral linewidth of transmitter A\

o Keep AT <T,/2

11



Polarization—Mode Dispersion (PMD)

AT

. Fast
|
I
Slow

Output

® The two principal polarization modes propagate at different speeds
— Pulse distortions

e Distortions are slowly varying with time

e Caused by slightly elliptic fiber core
- Mostly a problem with older fiber

12



Nonlinearities

Aq \\
SRS
— /)\2<7\1

A2

® Nonlinear effects:

Self-phase modulation (SPM)
Cross—phase modulation (CPM, XPM)
Four—wave mixing (FWM)

Stimulated Raman scattering (SRS)
Stimulated Brillouin scattering (SBS)

e At high optical power levels:
— Pulse distortion, attenuation

e In WDM (wavelength division multiplexing) systems:
— Crosstalk between channels (see illustration)

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Photodetectors

Digital Logic
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E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

14



p—i—n Photodetector

Light
p InP
| InGaAs
n InP

Model of 10—-Gb/s p—i—n:

10...20Q
¢ M O

& O

0.15...0.2 pF

InGaAs material absorps photons at 1.0 ... 1.65 um

Photodiode reverse voltage of 5 ... 10 V required

Responsivity:

- R = (electrical current) / (optical power)
- R =0.6 ... 0.9 A/W for InGaAs p—i—n

Trade—off;

- Large W: high quantum efficiency (high responsivity)

- Small W: high bandwidth

i John Wiley & Sons, 2005.
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Photodetector vs. Antenna

im | Photodetector

Antenna

90 -80 -70 60 -0 ' ldBml

Photodetector: Antenna:

e Current ~EM Power e Current ~ \l EM Power
Double power (+ 3 dB) Double power (+ 3 dB)
— 2 Xx current (+ 6 dB) — 1.41 x current (+ 3 dB)

e Warning: Itis easy to get confused with dBs when going
from the optical to the electrical domain!



Shot Noise

E. Sacl

__% e 1=\ 4qRP BW,

® Shot noise caused by short current pulses (electron/hole pairs)

® Shot noise is signal dependent:

Increase optical signal by +3 dB
— Electrical signal: +6 dB
— Electrical noise: +3dB
— Electrical SNR: +3dB

e Shot noise on logical "ones," but not on "zeros" (ideally)

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Avalanche Photodetector (APD)

Light
n InP
Multiplication
pInP Region
: Absorption
I InGaAs ~— " Region
p InP

e High reverse voltage of 40 ... 60 V required
® Responsivity:

- Depends on avalanche gain M

- RAPD =6..9A/W for M =10

e Noise:
- More noise than just amplified shot noise:
— EXxcess noise factor F

e Slower than p—i—n detector

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Dependence on Reverse Voltage

10+ _

Avalanche Gain M

45 50 55 60
Reverse Bias Voltage Vypp [V]

e Avalanche gain M increases with reverse voltage
... and decreases with temperature

® Excess noise factor F increases with avalanche gain
Nearly linear dependence, F(M), for InGaAs

® Reverse bias controls trade—off: gain, noise, and speed

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 19



APD Bias Circuit

Power VapPD
1 Supply
Ry

Control o

s — R2 1hr |APD
VREF

V.
=R | & &/
I |

—— Receiver

® Temperature compensated APD bias circuit

- TC=+0.2%/°C

® Thermistor (ThR) packaged with APD

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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p—i—n Detector with Optical Preamplifier

Erbium
Fiber Isolator Filter
Coupler
Input ( O — BWo [— \A
——o0
Pump p—i—n
Laser Photodetector

® Erbium doped fiber amplifier (EDFA) provides gain in 1.55-um band

® Responsivity:
- Depends on optical amplifier (OA) gain G
- Roa+pin =60 ... 90 A/W for G=20dB

e Noise:
- Amplified spontaneous emission (ASE) noise
- Reduce ASE noise with optical filter
- Several (beat) noise components in electrical domain
- Electrical noise is signal dependent, like shot noise

dband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Noise Figure of Optical Amplifier

n=1
Source O \ i?,P”\' = 2qlp)ny BW),
lpin
Noiseless n=1
Source O G — \t i?,OA,S = G? 2qlp;y BW,
t CRIIN
EDFA n=1

Source O G \ i?’OA = F G? 2qlp BW,
G lpin

total output noise power
output noise power due to the source (shot noise)
® Noise powers are measured in electrical domain with ideal p—i—n detectors

® Noise figure F =

e Typical EDFA noise figure =5 dB

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Dependence on Pump Power
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® Gain G increases with pump power
® Noise figure F decreases with pump power
® Theoretical limit F >3 dB

23



Recelver Fundamentals

Digital Logic
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E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Basic Recelver Model

E. Sacl

Detector Linear Channel Decision Ckt.

How does noise impact the bit—error rate?

What is receiver sensitivity?
What is a power penalty?
What is the optimum receiver bandwidth?

Extensions of the basic receiver model ...

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Recelver Noise

E. Sacl

e Calculation of output—referred rms noise:

Detector Linear Channel Decision Ckt.

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Receiver Noise & Bit—Error Rate

e Output voltage of linear channel:

NRZ Signal + Noise

Bit
/ Errors
’—“‘ VbTH

Noise Statistics

BER :jGauss(x) dx with Q=
Q

2

VP

Example: BER=107' for Q =7.0

27



Input—Referred Quantities

e Define input-referred signal and noise:
ispp - Vspp /HO
= / Hg
e Calculate BER based on input-referred quantities:

> . pp
|
BER :]Gauss(x) dx with Q=—0
Q

2

e \Warning:
_ 1 2
_H%BfW|H(f)| (f) df 7£f (f) df
D

- Use Personick integrals to calculate input-referred
rms noise from input noise spectrum!



Receiver Sensitivity

e Electrical sensitivity:
Minimum peak-to—peak signal current
necessary to achieve a specified bit—error rate:

e Optical sensitivity:
Minimum optical power, averaged over time,
necessary to achieve a specified bit—error rate:

R =responsivity of photodetector [A/W]

e Typical bit—error rates used to define sensitivity:

- BER=10" Q=70 SONETOC-192 (10 Gh/s)
- BER=10"® Q=6.4 SONETOC-48 (2.5 Gb/s)

29



BER Plot (lin—lin Scale)

BER Q
5§ .
0.5 0
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Optical Power Pg

® Linear relationship between Q and ISS for low power values
- Infer receiver noise from slope
- Extrapolate to low BERs (beware of the BER floor)

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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BER Plot (log—log Scale)

BER 10 logQ
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® Linear relationship between logQ and log ISS for low power values
- Logarithmic power scale in dBm
- Extrapolate to low BERs (beware of the BER floor)

d Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Amplifier Noise and Detector Noise

@ p-i—n Photodiode:

- p—i—n photodiode (shot) noise usually is negligible
- Most of the receiver noise contributed by amplifier

— Amplifier noise (TIA) mostly determines sensitivity
- Equal amount of noise on ones and zeros

e Avalanche photodiode (APD):

- Both amplifier noise and APD noise matters

— Amplifier noise (TIA) can be used to estimate sensitivity
- More noise on ones than zeros
- Mostly used up to 2.5 Gb/s

e Optical preamplifier followed by p—i—n photodiode:

- Noise of optical amplifier(s) often dominates receiver noise
- More noise on ones than zeros
- Mostly used for 10 Gb/s and above

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 32



Sensitivity Examples

2.5 Gb/s 10 Gb/s
Input signal, peak—peak, 5.3 uA 19.7 nA
for BER =102
Sensitivity @ p-i—n —-24.8dBm -19.1 dBm
(R =0.8 A/W)
Estim. sensitivity @ APD -34.8dBm -29.1 dBm
(Rapp = 8.0 A/W)
Typical sensitivity -41.5dBm -35.6 dBm
@ optical amplifier + p—i—n
Theoretical maximum -53.6 dBm -47.6 dBm

sensitivity (quantum limit)

Note: 0.25 dB better sensitivity =1 km more distance!
(standard SMF at 1.55 um, no optical in—line amps)

tical Fiber Communication,” John Wiley & Sons, 2005.
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Personick Integrals (1)

e Can we compute the input rms noise from the input noise spectrum?
Yes, but we need to integrate the white and f? parts separately
and up to different frequencies!
124
n

a,f2
BW3qp 2

~

>
> 4
g
>
4
> 4
>
> 4
> 4
>
v 4

Z

H (f) BW,,

1st—order low pass 1.57 BWyg4p
2nd order (Q=0.50) 1.22 BW34g
2nd order (Q=0.71) 1.11 BW3yp
brick wall 1.00 BW3yp

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Personick Integrals (2)

E. Sacl

e Input noise spectrum: 12(f) = 0 + 0,f2 12}
. . a,f?
e Calculate input rms noise: Oo
2= = [IHOP o+ a2t
0 Bwy
1 2
(0 H_Z |H (f)l df + 0(2/3
O Bwy
= Op BWn + G2/3
White noise integrated f? noise integrated

up to BW, up to

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Personick Integrals (3)

E. Sacl

e Noise bandwidth and Personick integrals:

- BW,, is known as the "Noise Bandwidth"

- BW, and are related to the "Personick Integrals"
l,and I, as follows:
l,= BW, /B

= / (3B 3)

where B is the bit rate

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Power Penalty (1)

e Definition:

Additional optical power needed to overcome an impairment
(i.e., obtain same BER as without impairment)
- Useful tool to quantify impairments and derive specs

e Example:

Impairment = error in decision threshold:

V, 7

ideal slice error restored BER
V’ pp
Power Penalty = PP = >_
veP

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 37



Power Penalty (2)

e Calculation of power penalty (p—i—n detector w/o OA):

V’
Pp ' Pp
L MY D“*,lt”j o

ideal slice error restored BER

PP 2= vEP/2 + (Vorh - Vorn)

S
MoTth — VoTH) _
PP =1+ 2 T = 1+ 2 (Slice Error)
Vv
S

— For a 10% slice error, we get PP =0.79 dB

e Derivation of specs from power penalty:
(Slice Error) = (PP -1)/2

— For PP <0.05dB, we need a slice error < 0.58%

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Receilver Bandwidth

® What is the optimum receiver bandwidth?

- High bandwidth:
— Noise causes errors
- Low bandwidth:
— Intersymbol interference (ISI) causes errors

— Good trade—off: bandwidth = 2/3 bit rate (for NRZ modulation)

® Example (next slide):
- Signal: 10-Gb/s NRZ
- Noise: white (frequency independent)

- Filter: second-order Butterworth response
(maximally flat amplitude response)
3-dB bandwidth @ 13.33, 6.67, and 3.33 GHz

39



Receiver Bandwidth Examples

1.57]

1.03

0.5

0.0

057

1.0

——

_1_3-.... T T T T T T T T T T T T T T T T T e T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

1.57]

1.0

0.5

0.0

-0.57

1. 0-'

-1_3_ TTT

0 20 40 60 80 100 120 140 160 180 200

E. Sackinger, “Broadband Circuits for Optical Fi
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ber Commun ication,” John Wi iley & Sons, 2005.

Bandwidth = 4/3 bit rate
(=13.33GHz @ 10 Gb/s)

Bandwidth = 2/3 bit rate
(=6.67 GHz @ 10 Gb/s)

Bandwidth = 1/3 bit rate
(=3.33GHz @ 10 Gb/s)

40



Power Penalty due to ISI

E. Sacl

e Power penalty (PP)is the additional optical power needed
to restore the BER in the presence of ISI:

PP \i

Without ISI With ISI With ISI and
Increased power
to restore BER

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Optimum Receiver Bandwidth

Iss,enso -15dB | pp

3B 2/3B  4;3B D V/ads
® Sensitivity degrades at high bandwidths due to noise

® Sensitivity degrades at low bandwidths due to IS

e Optimum receiver bandwidth is about 2/3 of the bit rate

42



Rectangular Recelver Response

Rectangular filter is the optimum frequency response to receive
undistorted NRZ pulses with white noise:

] IHH)1?

|
Output: M |

|
Output Eye: >Q< I
82 B 2B |

3-dB bandwidth is 0.44 B
Noise bandwidth is 0.50B
Zero ISI when sampling at the center of the eye

Input:

Implementation with "integrate & dump" circuit

But in practice, pulses are distorted and noise is not white ...

tical Fiber Communication,” John Wiley & Sons, 2005. 43



Bandwidth Allocation

® How do we choose the bandwidth for the TIA, MA, etc. ?
Goal: combined bandwidth = 2/3B

1/BW? ~ 1/BWZ + 1/BWS + 1/BWZ + ...

® Several strategies:

- Use precise filter with bandwidth 2/3 B
Make all other components (det., TIA, MA, CDR) wideband (> 2/3B)
— Good stability, controlled frequency response

- Make bandwidth of TIA equal 2/3B
Make all other components wideband (> 2/3B)
—= Permits low—noise TIA, saves filter

- Make bandwidth of all components about B
In combination the bandwidth will be about 2/3 B
— Used in high—speed receivers (10 Gb/s +)

44



Adaptive Equalizer

Linear Chan. Precursor Eq. Postcursor Eq.

________ LR e T T
| | | i AR
¥ | | FIR |
AGC | | ¥ 7 '
Ly £ i | 0 | t
L : | : decided under future
1 FIR I DEC | decision
Vo : : 7 : : /I\ | (with post-
o : | : | Clock : cursor ISI)

® Cancel ISl due to fiber dispersion and
receiver response

|
decided under future
decision
(with pre-
cursor ISI)

— Adapt to changing pulse shapes

e Popular implementation:

Decision—feedback equalizer (DFE)
- Precursor equalizer (linear FIR)
- Postcursor equalizer (nonlinear)

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Decision Threshold Control

. Linear Chan. Slice-Level Steering
Pseudo Slice Level —  ________

BER 4 / Main Slice Level |1
I I | 1 — +
11 DEC
\ | | AGC 11 Main o -
Pseudo I\ ! I || Slice A
BER I\ ! | | | Level
I : : MA — > +
- _y____ " 1l pseudo DEC
—— Y v : L
i ot Shee | o7
BN | < Level [T
- | >~ \bTH I
I I I : : Controller
| [ | 1
Iloll "1" ________ l l ——————————————————

e Optimum decision threshold is not at halfway point for receivers
with APD or OA + p—i—n (more noise on ones than zeros)

e Find optimum automatically with slice—level steering

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Forward Error Correction (FEC)

e Forward error correction
improves BER

Example:

Input BER=10"*  (after CDR)
Output BER =102 (after decoder)

Bit—rate overhead = 7%
Gross coding gain =5.5 dB

e Two types of decoder:
- Hard—-decision decoder:
Binary slicer
followed by decoder

- Soft—decision decoder:
Multilevel slicer
followed by decoder
(better performance)

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

BER }

Corrected
0.5 p——— /
BER, fF————— =
-««—>— Error Correction
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BER ===~ N\ Coding Gain
|
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Qizn Qozut SNR:QZ

Linear Chan. Soft—-Decision Decoder

———————— [~ ——
|1 hard "1 '
11 — + :
AGC : : Vot +A _DEC " |
|1 A I
: : soft "1" :
MA — > + g |
Sl DEC —| B |
O : : VbTH A 3 :
= : : soft "0" = :
11 ] + :
11 Vor — A DEC — |
|1 A hard "0 :
11
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Transimpedance Amplifier (TIA)

TIA LA or AGC CDR DMUX
O | dat n
Fiber . " o
Driver MUX
O
. n
Fiber . b
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:_______Cﬂ< _______ . clk/n

CMU

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

Digital Logic
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Transimpedance

o+ o+
TIA TIA
\A \A Vop .
o]
SN Vo
|| + || P o] _
Vo VoN
.

Transimpedance definition:

_ Avg

z
Y

[Q,dBQ]

Typical values:

2.5Gb/s: 2.0kQ ...4.0kQ
10 Gb/s: 500Q ...2.0kQ

Generally, faster TIAs have lower transimpedance

tical Fiber Communication,” John Wiley & Sons, 2005.
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Input Overload Current

e TIA input signal:

I A
ilpp___ o _ peak—-to—peak
i +—1-—-F-———F-—-- |__ average

0 il

O 1 0 01 1 O

® Input overload current:
- Maximum peak—to—peak input current
before pulse-width distortion and jitter degrade BER
- Typical value: 1.5 ... 25 mA

e Maximum input current for linear operation:
- Maximum peak—to—peak input current
before nonlinear distortions become harmful
- e.g., input current for 1-dB gain compression

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Input—Referred Noise Current

e Model TIA noise with equivalent noise current source at the input:

: N
+ . n.TIA
: Noiseless
\ 'n TIA TIA
i 1/ f?

>~ f

® Noise current depends on source impedance (PD capacitance)
® Input-referred noise current spectrum is not white

® Input—referred rms noise current is calculated by integrating the
output noise and referring it back to the input (Personick integrals!)

e Typical values:
2.5 Gb/s: 380 nA rms
10 Gb/s: 1,400 nA rms

e Generally, faster TIAs are noisier

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Bandwidth & Group—Delay Variation

® Depends on bandwidth allocation strategy
The TIA bandwidth is usually 0.6 ... 1.2 the bit rate

e Typical values:
2.5Gb/s: BW=15..3GHz
10 Gb/s: BW=6.0...12 GHz

e Group-—delay variation (phase linearity) also causes
distortions (ISI and jitter)
—= Limit group—delay variations over bandwidth to
less than 0.1 unit interval (Ul)

e Typical values:
2.5 Gb/s: 1At <40 ps
10 Gb/s: |1AT1 <10 ps

52



Low— and High—Impedance Front—-Ends

Low—-impedance front—end: High—-impedance front—end:

® Low transimpedance e High transimpedance
e Fast ® Slow

® Noisy ® Low noise

e High overload ® Low overload

53



Shunt Feedback TIA (1)

e Principle (single ended):

. R
\ —% Co W
| -A Vo
T Ga=
I
a:A%i =

e Assumptions for amplifier:

- Bandwidth — o
- Input resistance — o

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

1
Zr(s) =-Ryg TrsT)
A
R = R
TS AT
awe 1 A+l
211 R Gt
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Shunt Feedback TIA (2)

e Consider amplifier with one pole at f,:
peaking for Q > 0.71:
1 | Z7

Zr(s) =Ry =
(1 +sT/Q +sT°)

e For flat pass band (Q <0.71): - f

c o1 _2A
AT 21 Re Gy

Amplifier pole:

1 V2A(A+1)
2 R Ct

e TIA bandwidth: BW = (for Q=0.71)

Afy

e Transimpedance limit: Ry <
211Cr BW?




TIA Noise Optimization (1)

e Equivalent noise current source of

TIA with FET front—end: @

!
in,G _
! g In,D
Re
| | W
e Equivalent noise current source of
TIA with bipolar front-end: i i o

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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TIA Noise Optimization (2)

e Input—referred noise current spectrum (FET front—-end):

} Noise from FET

Channel
N Response of TIA
------------- Ve
} \ Noise from Feedback
| | \ Resistor
| N
1 2'A

— White noise from feedback resistor and gate current
— f2noise from FET channel
— Some of the f2 noise is passed to the TIA output

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



TIA Noise Optimization (3)

® TIA noise:

FET front—end

Bipolar front-end

2q I BW, +

CT:
On =

8KT (1Cr)*BW,; |

3 g, 3

C +Cp
wr G

Y
smallest for:

C =Cp

2Q Ic (21Cr)*BW,,
3 BW_+ 2qlc 92 3” +
up with Io down with I

~.

find optimum I¢
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Adaptive Transimpedance

o+ R
\A M
-A Vo

Dynamic
Range

Adaptation Range

e Variable feedback:

— |ncrease dynamic range
- \Watch stability & peaking!

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

o + RF

e Variable input shunt:

— Increase dynamic range
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Post Amplifier

e Post amplifier:

—= Boost transimpedance value
— But make Rg as large as possible to keep noise low

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Common—-Base/Gate Input Stage

E. Sacl

Re

e Common-base (common—gate) input stage:

— Photodiode capacitance has less impact on bandwidth
—= |Less capacitance at node x
— Higher transimpedance (increase Rg)
- Lower noise
— But new noise sources: Q;, R, Rg
— Higher power dissipation

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Inductive Input Coupling

® Series inductor:

+ Rr
— |Improve bandwidth - c 'WV
and noise Y ==l
— Use bond wire -1 Ls
W A Vo
|
C =
L
® L-C low—-pass network:
+ Re
1 Cp W
\A T
_1 L Lo
W——W——-A Vo
C=— C
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Differential TIA

E. Sacl

+
JEL
1T
J
Cx
o Cy=Cp:

— Differential transimpedance = Rg
— Fully balanced circuit

® Large Cy:

— Differential transimpedance = 2Rg
— Eliminate noise from Rg

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Offset Control

o+
& ® Improve output dynamic range:
¢ — o VON Without offset control:

o Vop Vop , \ , \_
\ \ I
VoN | \ I

With offset control:

| L] X_

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Burst—Mode TIA

o o VON

' o Vop

I
I
< RF

® Burst amplitude varies up to 30 dB in PON systems

— Set decision threshold (offset) for each burst;
reset peak—detector after burst

® Suppress "chatter" with small intentional offset

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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MESFET, HFET Implementation

® Single—ended TIA:

' ' o Vpp (t6V)

. —ﬁMz —-I[ M3

._.I[Ml i _.I[M5

R
F —-I]: M4 l—-l]: M6
¢ ——o Vgs (-4V)

® Depletion—-mode FETs (e.g. GaAs)

[O. Wada et al. 1985]
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BJT, HBT Implementation

® Single—ended TIA (core):

o + O VCC (OV)
Rec
\A
Ql ——0 VO
Re §
O VEE (_SV)
-3.3V

Re

[H. Khorramabadi et al. 1995]



BICMOS Implementation

e Differential TIA (core):

O VCC (SV)
Vop © o VoN
Lq L, %
0
\x —— Cp Cx
5 ® & & & O o] VEE (OV)

e BJTs in signal path; MOS for current sources

® Inductive input coupling

[H. Kim et al. 2001]



CMOS Implementation (1)

® Low-voltage TIA (core):

® O V 2V
+°M2F ,“M’z pp (2V)
&
VON o ¢ ¢ o Vop
RF Ml M,l Rl’:
los |:|__|:I
M4 I\/|,4
V
| | T g VI
® & ® & & o] VSS (OV)

® pP—MOS loads in linear regime
e Offset control

[A. Tanabe et al. 1998]
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CMOS Implementation (2)

e Differential TIA (core):

o + ¢ ¢ 4 OVDD (5V)
L L’
M3 R R M;
E= | | E=
M M:
\4& 2 vy, L
R ‘ M, M; | RE
Von © N . o Vop
Y| VB2 T ||:M’
4 | | 4
¢ ¢ ¢ % oVss (OV)

e Common-—gate input stage

® Inductive loads (shunt peaking)
e Cascode transistors

[S. Mohan et al. 2000]

d Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



CMOS Implementation (3)

® Single—ended TIA:

Re

r——ee

WA Ml_l

M

3

M3

_|

I:M
1

-

i

3

M5

_|

I:M
1

-

.

131

O VDD (5\/)

I: M
A

-

OVO

e Multistage feedback amplifier

® Gain determined by transistor geometry

[M. Ingels et al. 1994]

O VS S (OV)
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Research Directions

e Higher speed: 40 Gb/s and beyond

- Use heterostructure devices (HBTs and HFETSs) based
on compound semiconductors (SiGe, GaAs, InP)

® Higher integration: OEIC

- Integrate TIA & InP photodetector for 1.3 ... 1.6—um receivers
(monolithic of flip—chip)

- Integrate TIA & photodetector in silicon for 0.8—um receivers

® Lower cost:
- Use mainstream technology (CMOS, BiCMOS)
- TIA as part of a CMOS "system on a chip”

® Lower noise:

- Eliminate noise of resistor in shunt—feedback TIA
(e.g., capacitive or optical feedback)
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Main Amplifiers (MA)

Digital Logic

TIA LA or AGC CDR DMUX
O | dat n
Fiber . " o
Driver MUX
O
. n
Fiber . b
LD
|
|
: Ise
:_______CB _______ . clk/n
CMU

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Limiting vs. AGC Amplifiers

Limiting amplifier

Automatic gain control amplifier

® Nonlinear:

VoA

® Drive decision circuit directly
@ Easier to design

e Generally, lower power,
lower noise, etc.

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

® Linear:
VO A _.
/L :
/7 Ne” Increasing
Rl Input Signal
7’
>\
o7 !
// /
A4
// /
- K4

® Signal processing on
output signal possible:
- Equalization
- Slice-level steering
- Soft—decision decoding
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Voltage Gain

E. Sacl

kinger, “Broadband Circuits for

Optica

Gain definition:

_ Avg V|
Av, _ o

A

Needed gain is given by minimum signal from TIA and
minimum signal required by the decision circuit (DEC)

Output signal:

T IE

voP VbTa X | vEP+Vpra
A J\ 0

L l 0
I[deal DEC Real DEC

Typical value: 30...40dB

| Fiber Communication,” John Wiley & Sons, 2005. 75



Bandwidth & Group—Delay Variation

e Make MA bandwidth larger than receiver bandwidth
— Keep ISI contributed by MA small

e Typical values:
25Gb/s: BW=25...3GHz
10 Gb/s: BW =10... 12 GHz

e Group-—delay variation (phase linearity) also causes
distortions (ISI and jitter)
—= Limit group—delay variations over bandwidth
to less than 0.1 Ul

e Typical values:
2.5 Gb/s: |AT] <40 ps
10 Gb/s: |AT1 <10 ps

76



Noise Figure

® Noise figure definition (single ended):

|
| =
v_2 _ : T Noiseless
F= WA Signal | 2500 MA
v2 Source .
n,S I
Vos 1~
_ i \~ +’ =
Rs=50Q | Voa * |
' Vi MA
| i |
| =
|

|
® MA adds noise to the total receiver noise and thus
reduces the receiver sensitivity
— Choose F such that power penalty < 0.05 dB

® Typical values: 25Gb/s: F<17dB
10 Gb/s: F <13 dB



Input Dynamic Range & Sensitivity

E. Sacl

® Sensitivity:
- Minimum peak-to—peak input voltage signal
necessary to achieve a specified bit—error rate:
viths = Q Vnr,T/I?A

- Typical value: 2 mVpp

® Input dynamic range:

- Low end = sensitivity
- High end @ AGC amplifier = maximum signal before nonlinear
distortions become harmful (e.g., 1-dB gain compr.)
@ LA = maximum signal before pulse—-width distortion
and jitter degrade BER

- Typical value: 2mVpp ... 2 Vpp

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Input Offset Voltage

¥ [

Without offset  With offset  With offset and
increased signal
to restore BER

® Inthe presence of an offset voltage, nonoptimal slicing
requires a larger input signal to meet a given BER
Thus, the receiver sensitivity is reduced

- Limit offset voltage such that power penalty < 0.05dB

® Typical value: Vog < 0.1 mV

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Low—-Frequency Cutoff

PRBS all "1"s PRBS

For long strings of zeros or ones, the output signal drifts
(if f g > 0 Hz) resulting in nonoptimal slicing (like offset)

— Choosef| g such that power penalty <0.05 dB
for 72 consecutive ones or zeros (SONET)

Typical values (CID =72, PP < 0.05 dB):
2.5Gb/s: fg< 60kHz

10 Gb/s: f, < 260 kHz (in practice, often lower)
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AM-to—PM Conversion

A \
SRS
—  _/nen

A

® The received signal may contain amplitude variations,
e.g., due to stimulated Raman scattering (SRS) in a
WDM system

® The main amplifier (in particular an LA) may convert
these variations (AM) into jitter (PM)
— Limit delay variation over dynamic range
to less than 0.1 Ul

e Typical values:
2.5 Gb/s: 1At1<40 ps
10 Gb/s: 1ATI1< 10 ps

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Multistage Amplifier

® The gain—bandwidth product ( GBW ) required for the MA
Is often much higher than the f; of the technology!

e Typical values:
2.5 Gb/s: GBW =100 GHz
10 Gb/s: GBW =400 GHz

— Use multistage amplifier:

15 | _ i
0 5 Brick Wall
GBW,, = [
- > ~ O 10| '
< B 2nd Order 7
GBWS 5 I Butterworth |
o— + n — + .
- - - = |
o—> - 2 — - 8 > ] 1st Order ]
Aor =30 dB
1. 2. n-th Stage [
O | | | | | | | | | |

01234567 8 910111
Number of Stages n

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Broadband Stages (1)

® Use fast transistors (ft, f,5)
—= BJT: optimize emitter area; use large collector-emitter voltage

fr4  Veez>Vemr

PN 'mxxmﬁ
|
|
|
|
|
|
I_

wIK KX KX
OIX X X
wIK KX KX

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Broadband Stages (2)

® Use emitter degeneration (series feedback)
—= Speeds up input pole of BJTs

! A
@)
A

Ou

i
i

O
!
|
!
|
|
!
|
|

j
o
i
i

Rb Cbe —
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Broadband Stages (3)

E. Sacl

e Cascoding
—= Suppress Miller capacitance

— Improve isolation from output to input

; Rc Rc

VBI

Q

O—K Ql — X

[~ - K
C il

Without cascode With cascode

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Broadband Stages (4)

® Transimpedance load (Cherry—Hooper load)
—= Suppress capacitance at node x
—= Suppress Miller capacitance

o +

X Qs

Resistive load TIA load

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 86



Broadband Stages (5)

® Negative Miller capacitance
— Cancel Miller capacitance (neutralization)

—= Reduce input capacitance

(o, ®

—_— ro__._
C

C=C+(-|Al+1) C

® Alternative: invert regular (positive) capacitance
with negative impedance converter (NIC)

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Broadband Stages (6)

e Buffering or inverse scaling
—= Reduce capacitive loading by next stage
— Buffer: shift DC level to boost Vg of next stage

Buffering: Inverse scaling:
| | 1 1/K
C, /K C C, /K

C|’ :C|/K
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Broadband Stages (7)

e Shunt peaking (inductive load)
—= Tune out load capacitance with inductor(s)

+ +
L
R
R L=0 -Al
o_l -5 -4 -3 -2 -
-1
L=0.2R%C, [
|AC) |4
O——%— ¢ >
-5 -4 -3 -2 -
-1
L=0.4R%C_ X [
Q=063 >
N
—0— =
-5 -4 -3 -2 -1 -
x 1
—
1.7 X

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 89



Broadband Stages (8)

® Inductive interstage network

— Absorb input/output capacitances into coupling network

+
o

=R /IR

WL

Co+t

® Examples:
- Series peaking
- T—coil network

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

~

| |
i
L | '
L L | Ly |
-1 -1 -1 | I:
Lo oo L

Interstage Network
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Broadband Stages (9)

e Distributed amplifier
—= ADbsorb input/output capacitances into artificial transmission lines

Lumped amplifier Distributed amplifier
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Offset Compensation (1)

Vip o—|—* ¢ ° VON
V|N Oo— ® ® O VOP
: .. V
e Reduces offset of main amplifier: Vgg —» —2°
AA, + 1

e For BJT amplifiers, usually A; =1 (buffer only)

e For MOS amplifiers, additional loop gain is needed to
compensate the larger offset
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Offset Compensation (2)

A }

)

fLF BW3qs
(250 kHz) (12 GHz)

e Offset compensation also suppresses low frequencies!
— |Low-frequency cutoff:

C 1 AA/2+1
‘FT 2 RIG

— Very small loop bandwidth required (e.g., 1 kHz)
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Slice—-Level Adjustment

® Receiver with APD or optical preamplifier produces more
noise on ones than zeros:

e S

Vip o—

V|N O

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Automatic Gain Control (AGC)

E. Sacl

® The AGC amplifier consist of:
- Variable gain amplifier (VGA)
- Automatic gain control (AGC) loop:

— Amplitude detector
- Op amp
— Low-pass filter

o Vop

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Burst—-Mode Amplifier (1)

e Continuous mode:

- DC balanced
— Average = 0.5

- e.g., SONET

® Burst mode:

- Not DC balanced
— Average < 0.5,
time dependent

- e.g., BPON, EPON

+
LA Vo
SE—|n | - Bad slicing!
/ > — Bit errors
LA Vo — Pulse—width

- distortions

96



Burst—-Mode Amplifier (2)

e Burst—mode limiting amplifier:

Vori— Jlh e

/

LA Vo

L

VbTH

R,
e

— Determine slice level \yry for each burst;
reset peak detectors after burst

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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MESFET, HFET Implementation

E. Sacl

® VGA or LA stage:

e® Variable source degeneration == gain control (AGC)
e For limiting amplifier, connect sources s and s’
e Buffers with R—C network to speed up transitions

[Z. Lao et al. 1997]

kinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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BJT, HBT Implementation (1)

® "Cherry—Hooper" LA stage:

o Vec (BY)

O VEE (OV)

e Gain = RF/RE

°
—= Reduce input cap.
— Speed up input pole

e Shunt feedback: Rg
— Suppress cap. at x, X’
—= Suppress Miller effect

e Emitter followers
— Buffer outputs
— Increase Vcgq

[T. Masuda et al. 2000]
[E. Cherry et al. 1963]
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BJT, HBT Implementation (2)

® VGA stage:
Load and buffers as in ® Reduce gain by adding
Cherry—Hooper stage inverted signal current
| X X' ® "Gilbert cell"

VAGC

| |
I e 4—Quadrant multiplier:

gain =0 for Vagc =0
QA QBS‘THQB QAS— — Avoid signal inversion

[M. Moller et al. 1994]

Vip Q Cg Q1 VIN
I
1]
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BJT, HBT Implementation (3)

® VGA stage:
Load and buffers as in ® Reduce gain by dumping
Cherry—Hooper stage some of the signal current
| X X’

, Vee e 2-Quadrant multiplier

!

I
‘ | ‘ ® Requires bias stabilization
QA QB S‘THQI% Qs B|— [M. Soda et al. 1994]

Vip Q C @ VIN

VAGC
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BJT, HBT Implementation (4)

® PGA stage:
Load and buffers as in ® Enable one of two
Cherry—Hooper stage differential pairs
|X |X’ .
L ] ® Select gain:
— Re/Rg; or Re/Rgs

Vip o——K Q1 Qis >1_l K Qi Qiz [Y. Greshishchev et al. 2000]
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CMOS Implementation (1)

e Low-voltage VGA stage:

o VaGc
® O VDD (2V)
My L M
| |
VON (o g J 2 O Vop
M, 3 M}

e

® O VSS (OV)

e Variable (differential) p—MOS load
— Gain control (AGC)

[A. Tanabe et al. 1998]
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CMOS Implementation (2)

e LA stage:

L é é é o Viop (1.8V)

Vop © v '—l |—'M,2 o VoN

Vip o—": M, I— M3 :"—0 VIN

PO D
o Vss (OV)

® Active—feedback TIA load
[S. Galal et al. 2003]

ion,” John Wiley & Sons, 2005. 104



CMOS Implementation (3)

® LA stage:
D, Rs
V 3.4V
’l . M . B|l( )
Dl ==C2 l_lt‘llvl‘?’ ==C3
i< o - - o VDD (25V)
C, rR=M
Charge Pump I: j
VON o —:_0 Vop
Ml

O VSS (OV)

® Active inductor loads (M,, R) == extended bandwidth
e High gate bias voltage (Vg;;) —= extended headroom
e Stable gain: (W, /W, )*?

[E. Sackinger et al. 2000]

d Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Lasers & Modulators

Digital Logic

TIA LA or AGC CDR DMUX
O | dat n
Fiber . " o
Driver MUX
O
. n
Fiber . b
LD
|
|
: Ise
:_______CB _______ . clk/n
CMU

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Direct vs. External Modulation

e Direct modulation:

SLM Laser Chirped
Spectrum

¥_CL"//-\\,]¢
ILI_L—‘|l t_;

— Linewidth limited by chirp (or laser modes)
— Strong dispersion at 1.55 um; used mostly at 1.3 um

e External modulation:

SL.M Laser Transform Limited
Spectrum
]
nr—J g

— Linewidth limited by baseband signal (BW=~B)
— Used at 1.55 um for long distance communication

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 107



Extinction Ratio

® Extinction ratio definition:

F)
EFR = L
Po
_ P X% 4
o 1
Po
o 0
ER - o ER =5 ER =5
Perfect extinction Finite ER Finite ER and

Increased signal
to restore BER

® Finite extinction ratio causes power penalty (PP)

e Typical ER values:
- Direct modulation: 9..14dB
- External modulation: 11 ...17 dB

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 108



Laser Types

e Fabry—Perot (FP) laser:

p—InP H/ Facet
InGaAsP —-
n—InP - )\
— Multiple—longitudinal mode (MLM); wide linewidth
® Distributed-feedback (DFB) laser:
_ Grating
p—InP /
INGaAsP| | | A1 —
n—-InP - \

—= Single-longitudinal mode (SLM); narrorw linewidth

e Vertical-cavity surface—emitting laser (VCSEL):

— Single-longitudinal mode; fairly narrorw linewidth
109

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.



Laser Characteristics

e Optical output power vs. laser current:

Pout A / // o
/ +
VL —_— 2 pF
Temperature, _ 6 Q
Aging o
- IL IL

- Automatic power control (APC) is required

e Turn—on delay, jitter, and extinction ratio:

Laser

Current: s ——p — — — — | e
0 b — — — —— —
|
Optical :
Output: o | Po__

Turn-On Delay & Jitter

— Use bias current Iz = Ity to reduce turn—on delay and jitter
— But bias current also reduces the extinction ratio!

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 1 10



Electroabsorption Modulator (EAM)

® Can be integrated with laser on same substrate (EML):

DFB Laser EA Modulator

= | ight

n InP

® Switching curve and electrical equivalent circuit:

(V)
Pout } (V)
+ O 9 =
I
- O & —_——
0.1..0.15pF

- Reverse biased diode

Vow =15...4V — Capacitive load

ER =11 .. 13 dB — Nonlinear photo_current.

- Often parallel matching resistor

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Mach-Zehnder Modulator (MZM)

e Typically based on lithium niobate (lithium—niobate modulator):

Top view:
L=3-4cm

-+

In Out

RF waveguides
» N

® ®
T LiNbO4 T
I I
Optical waveguides

® Switching curve and electrical equivalent circuit:

I:)OU'[

/ + o—& 3|

/ |

y Vy, ‘ 50 Q
n - Terminated transmission line

Vr=4..6V - Single- and dual—-drive versions

ER =15...17dB

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

RF waveguide

- Si0,



Laser and Modulator Drivers

TIA LA or AGC CDR DMUX
O L} dat n
Fiber . " o
Driver MUX
O
. n
Fiber B b
LD
|
|
: Ise
:_______CB _______ . clk/n

CMU

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.

Digital Logic
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Modulation and Bias Current Range (Laser Drivers)

® Choose modulation and bias current range large enough
to reach desired laser power under worst—case conditions
(high temperature, end of life, etc.)

® Typical values (for drivers of uncooled lasers):
- Modulation current range: 10... 100 mA
- Bias current range: 0...100 mA

dband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 1 14



Output Voltage Range (Laser Drivers)

§ Laser
Load

17 77

=4

Permissible output voltage range = compliance voltage

Make minimum voltage small to minimize supply voltage
requirements (especially for DC-coupled loads)

Make maximum voltage large to permit pull-up inductor(s)
and AC coupling (output swings above the supply voltage)

Typical values:
- Minimum voltage: 14..20V
- Maximum voltage: supply voltage

tical Fiber Communication,” John Wiley & Sons, 2005. 1 15



Modulation and Bias Voltage Range (Mod. Drivers)

Pout A EAM: Pout A MZM:
on
|
| |
| off : :
|
| | >VM ; : »VM
| | | |
| | | |
: | : I |
Frp — |
(VARAVA Ve |
Vs

® Choose modulation and bias voltage range large enough
to cover the worst—-case conditions
® Typical values for modulation voltage (voltage swing) range:
- EAMdriver: 0.2...3V
- MZM driver: 05..5V
e Typical values for bias voltage (DC offset voltage) range:
- EAMdriver: 0...1V (chirp control)
- MZM driver: 0 ... 10V (drift compensation)

dband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 1 16



Rise and Fall Times

® Time for signal to move from the 20% to the 80% level
(sometimes 10% to 90%) and vice versa:

100% -—-—

® For laser drivers, fast rise time increases chirp!

® Typical values:
2.5 Gb/s: tgg <100 ps (0.25 UI)
10 Gb/s: tgg < 40 ps (0.40 UI)

tical Fiber Communication,” John Wiley & Sons, 2005. 1 17



Pulse—-W.Iidth Distortion

® Observe crossing point in the eye diagram:

tpwD
el la—

100% -—-—

50% ———

0% ——-

e Laser/modulator drivers often feature a PWD adjustment
— Pulse—width control circuit

® Typical values < 0.05 Ul (electrical, w/o PWD adjust):
2.5 Gb/s: tpyp <20 ps
10 Gb/s: tpyp < 5Sps

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Jitter Generation

e Histogram of 50% crossing points:

Eye Crossing: Reference
| Level (50%)

|
Histogram: l

pp
I3

® Jitter types: determinisitic (DJ), random (RJ), total (TJ), ...
e Jitter amount: histogram, peak—to—peak (pp), root—-mean-square (rms), ...
e Jitter bandwidth: wideband, narrowband
® Typical values < 0.1 Ul peak—peak (SONET requirements):
2.5 Gb/s: tfT <40 ps @ BW = 12 kHz to 20 MHz
10 Gb/s: tT) <10 ps @ BW =50 kHz to 80 MHz

dband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 1 19



Eye—-Diagram Mask Test

® Compare filtered optical eye against mask:

O O/E Filter —

® The filter simulates the receiver response:
4th—order Bessel-Thompson response with BW =0.75B
(SONET reference receiver)

® Signal must stay outside of the blue areas

® Mask test checks rise/fall time, PWD, jitter, ISI, ringing, noise, ...

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 120



Current—Steering Output Stage

4 O +
Laser or

R

T | Modulator

_____ | |

(o
Im g
L

e Differential inputs: e Control modulation current

— Avoids pulse-width distortions (or voltage) with

— |nsensitive to supply noise tail current source Iy
® Constant power supply current: ® Add bias current source, g,

—= Minimizes power supply noise If bias current (or voltage)

— But increased power dissipation IS required

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 121



Transmission Line & Termination

® For high—speed drivers use transmission line to connect laser/modulator:

X

\ 4 O +

Rp = = R RoE =Ry = R

V| V| _T_
(o, (o,

N 21y,

Without back termination With back termination

Reflections cannot be absorbed
Double reflections

Jitter and ER degradation

Use only if load matching is good

Absorb reflections

Clean signal at load

Power dissipation doubled!
Use if load matching is bad

AR

AR

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Active Back Termination

. O +
é Buffers R
D Laser or

Modulator §

e Back termination resistor connected to clean signal from replica
— Normally no voltage across termination resistor
(only when refections occur)
- Low power

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 123



Predriver & Pulse—-W.idth Control

¢ ® 4 L 4 O +
1 L
V|p (e, . 4 KQ]_ ¢ KQ3
ViN © t KQi KQé
*r—— Q2 Qé [ O VON
PWC ¢ ¢—o Vop

® Predriver needed to drive large current—steering transistors
and to provide sufficient swing at their inputs

e Compensate pulse—width distortions due to laser, modulator, ...

— Introduce offset voltage at input of predriver for
pulse-width control (PWC)

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Data Retiming

4 O +
Laser or
RoE |2
Flip-Flop  Predriver Modulator

O—— V
Data D O "—'—>|_
] "

Clock =

e Eliminate pulse—width distortion and jitter from input data

® But clock jitter contributes directly to output jitter of transmitter!
— Low-jitter clock is required

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 125



Automatic Power Control (Lasers)

+ +

o

Driver Monitor
LD ¥/ \A Photodiode
V| o— :
Voltage at x is

/ proportional to
I average optical

power

e Monitor photodiode measures the optical output power;
automatic power control (APC) controls the laser current

-

e Average output power is measured
— Constant mark density required Continuous—mode

e Only bias current is adjusted  single—loop APC

— Laser’s slope efficiency must be stable

-

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Automatic Power Control (Lasers)

e Laser threshold—-current variations with single-loop APC:

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 127



End-of-Life Detection (Lasers)

+ +
(o}
Driver .
Monitor
LD ¥/ \A Photodiode
V| O—
'IB
v X
BC - T 1 -
Q J_ VEOL
+ — =+
VREF = VREF
2

e Laser life: 1...10years (high temperature)
10 ... 100 years (cooled to room temperature)

e Automatic end—of-life (EOL) detection
— Detect when APC fails
— Simple extension to APC circuit

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Automatic Bias Control (MZ Modulators)

Laser

Splitter
A +
\m’ Bias ?
1 Monitor
RFC \& bhotodiode
Driver T LPF
TIA
Pilot Tone
~, Osc. | 1kHz

e Mach—-Zehnder modulators drift with time and temperature
— Automatic bias control (ABC)
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Automatic Bias Control (MZ Modulators)

Correct bias: Incorrect bias:

Pout ! Pout |

e Modulate driver output voltage with small pilot tone:
— Tone is suppressed, if bias correct
— Tone appears in optical output, if bias incorrect
— Phase of tone indicates direction of bias correction needed

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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Burst—Mode Laser Driver

e High interburst extinction ratio required (>30 dB)

— Turn bias current off in between bursts or no bias current at all
e Special APC required (signal not DC balanced)

— Burst-mode APC based on peak detection:

+

Monitor X
Photodiode Potr—
- Power
E. > Control
+ (Analog)
VRerF
— Burst—-mode APC based on integrate & dump:
Monitor X
Photodiode
N Power
Counter p+ Control
bata ¢'Sp \ (Digital)
| Rer |
Burst Clock

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 131



MESFET, HFET Implementation (1)

® EAM-driver output stage:

- & '

g

O VSS (_52\/)

e Open-drain output (no back termination when used with TL)

® \c controls output—voltage swing

[Y. Suzuki et al. 1992]

d Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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MESFET, HFET Implementation (2)

® EAM-driver (laser—driver) output stage:

o \Vpp (OV)
M3
V|p O—bt Ll
Rl
Ml
—DI]: Mz ]:Id—OVSC ]I——l
® ® & O VSS (_SV)

® Passive back termination for transmission line
—= Avoid double reflections, but increased power dissipation
® Peaking inductors

[Z. Lao et al. 1998]

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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MESFET, HFET Implementation (3)

® EAM-driver (laser—driver) output stage:

O VD D (OV)

|_LI< O V|N

IM/8¢ C}[D'M (Plo
o Vgg (—5.2V)

® Active back termination for transmission line
— Lower power dissipation than passive back termination

® 1/g9,,3 matches transmission line impedance
[H. Ransijn et al. 2001]

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 134



BJT, HBT Implementation (1)

® Laser—driver output stage:

¢ O VCC (OV)

&
VIN O—K >|—° Vip

o

Qq >|—° Vac

? o Vg (-6V)

® Open—collector output (no back termination for TL)

® \jyc controls modulation current

® \ic controls bias current

[H. Rein 1988]

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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BJT, HBT Implementation (2)

® Laser—driver (modulator—driver) output stage:

o Ve (1.8V)

o Vec (OV)
Qs Vec
O VEE (_52V)

® Passive back termination for transmission line
—= Avoid double reflections, but increased power dissipation

® Peaking inductors
® Bias current of emitter followers tracks modulation current
[H. Rein et al. 1994]

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 136



BJT, HBT Implementation (3)

® EAM driver with built—in MUX:

o Ve (4V)
VBc Qs Q5
R R’ e Combine MUX and output
+—o o—t stage of driver (power MUX)
e A T KQ  Dpriver e Differential drive
—— e — Relaxes output swing,
MUX but symmetric EAM needed

Data 1 In _K%Qé rlﬁ%%?l—o pata2ln  ® Vsc controls voltage swing
o)

(20Gbls) (20Gb/s) @\ controls bias voltage
Select ™K Q& Q
(20GHz) | Pi_ [M. Moller et al. 1998]

Q) o Vsc
%VEE (_65V)

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005.
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BJT, HBT Implementation (4)

® MZM-driver output stage:

o Ve
R
§% L/2 L L L/2
Vi ] Vi ] Vi ] W
Vi Vi Vi W
Q1 Q1
V5c o N

’% o Vg (—6.5V)

® Distributed output stage (input TL and EFs not shown)

® V. controls voltage swing; use to inject pilot tone for ABC
® \; MZM bias voltage

[T. Wong et al. 1996]
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CMOS Implementation (1)

® Predriver for laser/modulator driver:

O VDD (18V)

O VS S (OV)

® T—coil networks to drive output stage
® Negative impedance converter (NIC) to cancel capacitance

[S. Galal et al. 2003]

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 139



CMOS Implementation (2)

® Low-power burst—-mode laser driver (155 Mb/s):

Vr1obe

Turn—on Delay
Compensation

M, C, M, 2 21- ZN-_lo
_lH T JI_ |_|E‘ |_|E| |_|E‘ o Vs (OV)
vl gl @ 9
\_I—_ \ | G
_ L Power Control

® No bias current; use turn—on delay compensation
- High extinction ratio, low power consumption

® Current switching instead of current steering
- Low power consumption

e Digital power control

[E. Sackinger et al. 2000]

E. Sackinger, “Broadband Circuits for Optical Fiber Communication,” John Wiley & Sons, 2005. 140



Research Directions

e Higher speed: 40 Gb/s and beyond

- Use heterostructure devices (HBTs and HFETSs) based
on compound semiconductors (SiGe, GaAs, InP)

® Higher integration: OEIC
- Integrate driver & laser on same InP substrate (monolithic)
- Integrate driver & laser using flip—chip technology

® Lower power:
- Use low supply voltage
- Avoid TL and matching resistors by copackaging driver & laser

® Lower cost:
- Use mainstream technology (CMOS, BiCMOS)
- Driver as part of a CMOS "system on a chip”
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