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Announcements

e Exam 1 Mar 7/
 In class
* One double-sided 8.5x11 notes page allowed
 Bring your calculator
 Covers through Lecture 6

e Reading
 Sackinger Chapter 5
» Razavi Chapter 4



Agenda

e Optical Receiver Overview

e Transimpedance Amplifiers
 Common-Gate TIAs
» Feedback TIAs
« Common-Gate & Feedback TIA Combinations
« Differential TIAs

e Integrating Optical Receivers

e Equalization in Optical Front-Ends



Optical Receiver Technology

e Photodetectors convert optical
power into current
 p-i-n photodiodes
- Waveguide Ge photodetectors

o Electrical amplifiers then s s
convert the photocurrent into a e ;

voltage signal e ‘ I I 'I’ I I
« Transimpedance amplifiers :
» Limiting amplifiers TIA omwM

 Integrating optical receiver

LA Output




Transimpedance Amplifier (TIA)

Transimpedance Z; = AV, (Q)

Al;

Also expressed in units of dBQ by 201og(|Z;|)
o Key design objectives
 High transimpedance gain
« Low input resistance for high bandwidth and efficient gain

e For large input currents, the TIA gain can compress
and pulse-width distortion/jitter can result
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e Input Overload Current

« The maximum peak-to-peak input current for which we can
achieve the desired BER

- Assuming high extinction ratio i”, =2RPou
e Maximum Input Current for Linear Operation

« Often quantified by the current level for a certain gain

compression (1dB) o
Lin <lovl



Resistive Front-End

[Razavi]
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e Direct trade-offs between transimpedance,
bandwidth, and noise performance



Agenda

e Optical Receiver Overview

e Transimpedance Amplifiers
« Common-Gate TIAs
» Feedback TIAs
« Common-Gate & Feedback TIA Combinations
« Differential TIAs

e Integrating Optical Receivers

e Equalization in Optical Front-Ends



Common-Gate TIA

[Razavi] VDD

%R
|‘°VB égm( Vi) % égmb( -Vi) %

R =R,

R - r,+R, N 1
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e Input resistance (input bandwidth) and
transimpedance are decoupled



Common-Gate TIA Frequency Response

[Razavi] VDD
%RD
Ve -%O:Vtt
lin\"\v Cin@ Ig
R,

Neglecting transistor r, : vf’”’ =

fn Ll +5 G j(l +sR,C. )
gml + gmbl

e Often the input pole may dominate due to
large photodiode capacitance (100 — 500fF)
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Common-Gate TIA Noise

[Razavi]
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Both the bias current source
and RD contribute to the
iInput noise current

RD can be increased to
reduce noise, but voltage
headroom can limit this

Common-gate TIAs are
generally not for low-noise
applications

However, they are relatively
simple to design with high
stability
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Regulated Cascode (RGC) TIA

e Input transistor gm is [Park ESSCIRC 2000]
boosted by common- o=
source amplifier gain,
resulting in reduced input
resistance

e Requires additional voltage
headroom

e Increased input-referred
noise from the common-
source stage
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CMOS 20GHz TIA

e An additional common-
gate stage in the
feedback provides
further gm-boosting
and even lower input
resistance

e Shunt-peaking
inductors provide
bandwidth extension
at zero power cost, but
very large area cost

[Kromer JSSC 2004]
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Feedback TIA w/ Ideal Amplifier

With Infinite Bandwidth Amplifier:

oL A
P R,Cr RF(CD+C1)

o Input bandwidth is extended by the factor A+1
e Transimpedance is approximately Rq

e Can make R; large without worrying about voltage
headroom considerations
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Feedback TIA w/ Finite Bandwidth Amplifier

With Finite Bandwidth Amplifier :

A

A
A(S): S :1+STA

/ A+1
o =
’ RFCTTA
e Finite bandwidth amplifier o JEDRCT,
modifies the transimpedance R Cr +T,
transfer function to a second- R, =

order low-pass function
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Feedback TIA w/ Finite Bandwidth Amplifier

[Sackinger]

e Non-zero amplifier time constant Aopr
can actually increase TIA B

bandwidth!! EZ{S_T:
« However, can result in peakingin "

frequency domain and
overshoot/ringing in time domain

e (Often either a Butterworth
(Q=1/sqrt(2)) or Bessel response 26';d'ofder T'A !Freﬂuenlcy Response

(Q=1/sqrt(3)) is used
» Butterworth gives maximally flat
frequency response

 Bessel gives maximally flat group-
delay
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Feedback TIA Transimpedance Limit

If we assume a Butterworth response for ally flat frequency response :

o= L o 4ol 24
\/E A

For a Butterworth response :

(A+1)w, ~J(4+1)24
W34 = Wy = RC.  R.C
F~T F~T

:FA:RFCT

~ /2 times larger than 7, = 0 case of

A+1

RrpCr

Plugging R, = AA+1 Ry 1nto above expression yields the maximum possible R for a given bandwidth

A+1)w
J(iﬂ —

— |R;C
A)TT

Ao,

Maximum R, <

2
734

[Mohan JSSC 2000]

e Maximum Ry proportional to amp gain-bandwidth product

e If amp GBW is limited by technology f;, then in order to
increase bandwidth, R; must decrease quadratically!
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Feedback TIA

Assuming that the source follower has an ideal gain of 1
A=g,.Rp

R
RT — 1 gml D RF
+gmlRD

R = Ry

" 1+g R,

B 1

- Em2 (1 + gmlRD)

R

e As power supply voltages drop, there is not much
headroom left for RD and the amplifier gain degrades
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CMOS Inverter-Based Feedback TIA

0.3-2KQ

PD W

1.7KQ

=L Do o Lo

Vreg

650fF ==

-

[Li JSSC 2014]
TIA

Output

] Vreg/2

AN——

650fF == 830KQ

e CMOS inverter-based TIAs allow for reduced voltage

headroom operation

e (Cascaded inverter-gm + TIA stage provide additional

voltage gain

o Low-bandwidth feedback loop sets the amplifier output

common-mode level
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Input-Referred Noise Current

’ *,- - Noiseless 12 | -
\ w TIA :
i LARRT, f2

e TIA noise is modeled with an input-referred noise current
source that reproduces the output TIA output noise when
passed through an ideal noiseless TIA

e This noise source will depend on the source impedance,
which is determined mostly by the photodetector capacitance
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Input-Referred Noise Current Spectrum

Noiseless 12

T'A LARRT, 2

'n TIA

0 Input-referred noise current spectrum typically
consists of uniform, high-frequency f2, & low-
frequency 1/f components

e To compare TIAs, we need to see this noise graph
out to ~2X the TIA bandwidth

« Recall the noise bandwidth tables
22



Input-Referred RMS Noise Current

e The input-referred rms noise current can be calculated by
dividing the rms output noise voltage by the TIA's midband
transimpedance value

s 1 2BW
In,TI4 = \/ r ‘ZT 1 3 T[A( )df

o If we integrate the output noise, the upper bound isn’t too
critical. Often this is infinity for derivations, or 2X the TIA
bandwidth in simulation

e This rms current sets the TIA's electrical sensitivity

.rms
lsens 2an 1A

e To determine the total optical receiver sensitivity, we need to
consider the detector noise and responsivity
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Averaged Input-Referred Noise Current Density

e TIA noise performance can also be quantified by
the averaged input-referred noise current density

-Fms
avg  _ b, TIA

l =
n,TIA BVV?,dB

: . . pPA
This quantity has units of :
quantity ( fHZj

Note, this 1s different than averaging the input - referred noise spectrum,

l ,fﬂ (f) over the TIA bandwidth.
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FET Feedback TIA Input-Referred
Noise Current Spectrum

F’F

e The feedback resistor and amplifier front-end noise
components determine the input-referred noise
current spectrum

]IiT]A(f) ]3F8S(f)+]3f70nt(f)

e The feedback resistor component is uniform with

frequency () 4kT
n,res RF
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FET Feedback TIA Input-Referred

Noise Current Spectrum

F’F

e Gate cu rrent-induced shot noise
1, ; G =2q1g
This 1s typically small for CMOS designs

e FET channel noise
1,39 ,=4kTTg

I 1s the channel noise factor, typically 0.7 - 3 depending on the process.
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Input-Referring the FET Channel Noise

vout
bria  \n,D

To do this, we could calculate

in,D ZT Rr
.. : : W
But it 1s easier (and equivalent) to ground the output and calculate | @ ]
. -1 -~ ’n.ras
[ ln,D ]
Ly, T1A N % gP T
) inTiA @ j_ Co
. . _ 8mlngia ngF . I
sCr+—— SFhT
F

where C = Cp + C;, the summation of the detector and amplifier input capacitance.

-1
in,D _ 1 + SRFCT
ngF

Using this high - pass transfer function, the input - referred FET channel noise is

In,TI4

1+(24R-Cy )’
]2 , front, D(f) Egiy;];F)zT) 4kTrgm
m-\F

_ 4kTT( I j .\ 4kﬁ((2ﬂcf)2] y2 4mmmm  niform and 2 component!

2
ngF Em 27



Total Input-Referred FET Feedback TIA Noise

by fim ko T
L@,—] N Response of TIA
----------- 'l
T @’"*‘T-*’“’ .\ Nolise from Feedback
™ @ I Co :3 @ L : \ Resistor
1 12 A
ReCr  ReCr
2
Ly a(f)= T, 2q{G\+ 4kTT[g le ]+ 4k7r[(27(fgcz’)] 72
/ m*yF N m
Feedback Resistor Gate Shot Noise FET Channel Noise

Note that the TIA input-referred noise current
spectrum begins to rise at a frequency lower than
the TIA bandwidth
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« Differential TIAs

e Integrating Optical Receivers

e Equalization in Optical Front-Ends
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Common-Gate & Feedback TIA

Feedback TIA

e Recall that the feedback TIA stability depends on the ratio of the input
pole (set by C,) and the amplifier pole
- Large variation in Cy can degrade amplifier stability
e Common-gate input stage isolates C, from input amplifier capacitance,
allowing for a stable response with a variety of different photodetectors

e Transimpedance is still approximately R:A/(1+A)
30



BJT Common-Base & Feedback TIA

p Delay (ps)

Grou

Transformer-based Transimpedance

RGC Input Stage Gain Stage Output Bufter % 5 10 15 20 25 a6’
Frequency (GHz)

e Transformer-based negative feedback boosts gm with low
power and noise overhead

e Input series peaking inductor isolates the photodetector
capacitance from the TIA input capacitance

e High frequency techniques allow for 26GHz bandwidth with
group delay variation less than 19ps

[Li JSSC 2013]
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Agenda

e Optical Receiver Overview

e Transimpedance Amplifiers
 Common-Gate TIAs
» Feedback TIAs
« Common-Gate & Feedback TIA Combinations
 Differential TIAs

e Integrating Optical Receivers

e Equalization in Optical Front-Ends
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e A differential TIA output allows c,

Differential TIAs

o Differential circuits have superior

. . G _{FC;
Immunity to power MT T
l

supply/substrate noise -

easy use of common differential T
main/limiting amplifiers

« This comes at the cost of higher

noise and power

How to get a differential output
with a single-ended photocurrent
input?

« Two common approaches, based on

the amount of capacitance applied at
the negative input

33



Balanced TIA

e A balanced TIA design attempts %*_.l e 1o Ar
to match the capacitance of the 3T = W
two differential inputs T :: LN vom
Cy =Cp | & _%T_c,’ ’ ;w or
 This provides the best power = - "
Su pply/ substrate noise Assuming an high BW amplifier
immunity, as the noise transfer and Cr =Cp +C;

functions are similar

e Due to double the circuitry, the Vo v (AAHjRF
input-referred rms noise Zr(s)= i 1 SCrRp

current is increased by sqrt(2) A+1

Same transfer function as the single - ended design
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Pseudo-Differential TIA

o A pseudo-differential TIA design

uses a very large capacitor at the

negative input, such that it can
be approximated as an AC

ground ¢,

e While not good to reject power
supply/substrate noise, it does
provide significant filtering of
the R’ noise

e The differential transimpedance
is approximately doubled
relative to the single-ended case

Assuming an high BW amplifier

( 2 A4 )R
Vop —V A+2) "
ZT(S): OP . ON _

A+1
2
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Offset Control

e Due to the single-ended %llc,, I
photodetector signal, the T [0 1 ., .. In¥mm!
differential output signal T ST et L
swings from 0 to V4, T T %
which can limit the + .
dynamic range \; M-
e Adding offset control > 1
circuitry can allow for an ﬁ‘f
output swing of £V, /2
los 4} T W
i +
A

H
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Differential Shunt Feedback TIA

o Vpp (2V)

> Vop

o Vg (OV)
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Optical RX Scaling Issues

o Traditionally, TIA has
high Rrand low R,

RT:RF(I:IA) §Z§
1+ A4

;g ~
R.C,,

o Headrooom/Gain issues

in 1V CMOS
- A=2-3

» Power/Area Costs
TIA I, < (RTCIN )2 I 3‘113

V,=Ve +Ves, = 0.8*VDD

a(vpD-v,) a(0.2*VDD)
vop ~  VOD

LA I, fsde A= g, Ry =

39



Integrating Receiver Block Diagram

V, <. V, — D[Q]=1 |
VinA o Vv ; :

C = L,J ' ‘.
mT avg : V — J|
' <-—- O | T
fl i ¢ J‘Cn J_S‘% i COT Offset[9:0]
ILPF 3 ® 1 " ¥ ) Double-Sampler

[Emami VLSI 2002] 40



Demultiplexing Receiver

PDBias
=2 . ~
X .
JAN v 4 N .
' 4 — > —
v @{_ | BE T . )—Ff ®[0,4]
op @211

» Demultiplexing with multiple clock phases allows
higher data rate
— Data Rate = #Clock Phases x Clock Frequency
— Gives sense-amp time to resolve data
— Allows continuous data resolution
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1V Modified Integrating Receiver

vdd = 1V
PDBias = 2.5V (D_d[:]
§ LV =
X -1 \,
Vin T + 1
! o %
Ij_ll v, ; Offset[9:0]

I LPF
AVG @" Co% @ZSOuA

Double-Sampler Buffer

Differential Buffer

© Fixes sense-amp common-mode input for improved
speed and offset performance

© Reduces kickback charge
@ Cost of extra power and noise

Input Range = 0.6 — 1.1V
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Receiver Sensitivity Analysis

vdd
PDBias (Dj[ll]
} Vs % =
A 1 [
Vin 1T + A
i o % e
J Ii_ll v, ; Offset[9:0]

lave @) LPF T Residual SA Offset = 1.15mV
; CoT

Max AV;,(Alxyg) = 0.6mV o =1.03mV o, =045mV
p . ZkT _ 0.92”’1 V buffer SA4
Csamp

o Ay, +cC,)

: : g, Fave T
Clock Jitter Noise o, =| — |Av, = 0.65mV at 16Gb/s P
b p
Gb/s avg
Total Input Noise o, = \/ Oy + Opugior + Oy + Oy =1.59mV / (dBm)
10 -9.8
AV, for BER = 1010 = 6.40,,, + Offset = 11.9mV e s
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Integrating Receiver Sensitivity

T 3
e Test Conditions o
— 8B/10B data patterns al

(variance of 6 bits)

— Long runlength data
(variance of 10 bits)

T R L NOOR. NN U oAU SO TOUNG. U W SN

RX Sensitivity (dBm)

e BER < 1010

o
N
;

_14 n ) E -| : : ; 1
4 5 6 7 9 10 11 12 13 14 15 16 17
Data Rate (Gbps)

[Palermo JSSC 2008]
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Integrating RX with Dynamic Threshold

e Dynamic threshold

 posies Ve i adjustment allows

.
ML = for un-coded data
v SIH [[|| | |amp"wvae *
PD | * -

Ceo ig .
1 Lo~ F [Nazari ISSCC 2012]

o3 o L S SO SO T N Voo-Rslzero

AR Vep 2 ——I ————————————————————————————— Vrer

T e AV [

E Vs1 i ¥ _

i ' “Mslone

| II s RC>>T, !

D[0] AV aAV I S AV amp [1]

! Vao - Before Offset : T AVamp [2] |

| o Modulation I S S AV amp [3]

L i “GAV | e o AVamp[4]

' ' a: amplifier gain S e

gAV 4!
After Offset —3 4

Modulation
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Integrating RX with Dynamic Threshold

Sense Amplifier

e e
jﬁ%}:

Mismatch Offset
Cancellation g

i w2
T —— IE _|I L
Hq
—i | Y21 1 —a
Vo : - Vier
- g Dynamic Offset
Sample/Hold Amplifier | Modulation ™ )
. -
- —+—14,2Gb/s [Nazarl ISSCC 2012]
=@=16.7Gh/s
4
= 20Ghy/s
g O ~8~-24Gh/s
T
s
ut.l -7
i -8
E" 8
=10
-1
=12 »
30 50 70 90 110 130 150 170

Emulated Optical Current (A}
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Low-BW TIA & CTLE Front-End

P e [Li JSSC 2014]
R, i
Ri —w
lin | NN NN
— i > T‘_/\>J—I E E Vout
| A A
: TIA Equalizer
Front-end LA Buffer

e Improved sensitivity is possible by increasing the first stage
feedback resistor, resulting in a high-gain low-bandwidth TIA

e The resultant ISI is cancelled by a subsequent CTLE
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Active CTLE Example

X7

Voltage (V)

' ' ' '
[} [} [} [}

— V-

I:)in' _I I_ I:)in"'

%

P

6Gb/s Eye - Refined BP Channel w/ No Eq
05 ; ; : 1 ; !

i L ; i H i
50 1400 150 200 250 ann

Time (ps)

Channel Response (dB)

ko
o

-4Q

0.1

Channel Response w/ RX CTLE Eq

| —— Channel | L ) .....
—RX CTLE ' oo

[| —— w/RX CTLE Eq

10 50

1
Frequency (GHz)

6Gb/s Eye - Refined BP Channel w/ RX CTLE Ec
0.3 ; ': ; 1 ': ;

0.4F
0.
—
> 0.
po—
0.
@
=14
o
= -0,
—
O g
-
-0,
-0,
_0.5 i ; ; i ; i
4] 50 1400 150 200 250 ann

Time (ps)
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Low-BW TIA & CTLE Front-End

"o
Re*n
A

Lo

-o\out

lin lin S
' Ctot.in :
= . = FullBWTIA ' Post-amplifier = = Low-BWTIA Equalizer
i 4!‘:/]‘ 41‘:,1-,7. . (QWCYI(HJH).Z ) ]2 ‘ — = 'lATT QA'T’}'
Linse(D) = J—+ ~ L e ninsee(f) = B+ o
T Ak T V¢ 21 Rpn2Cotin) .
WDy KT ( f ) 4 4k 12T 1 Gl ) o
.(}m.p()st.RF 9m post Rf‘ BW Jm I{I"’”
— [Li JSSC 2014] | w1y | 4Ky f
A In',»n ymmﬁi-nf* g;m‘(\q]f%«n,* BW/n
4kT 4kT~ (2xCioin)” 2
= | e ORI
4’;‘J - - - Rpn? T Gm ]{i.'n-‘l T 1 Im /
’ 4kT~ akTy [ f\*
.
:ZI:;: gm_.(*q-R?F?-'*4 i _Qm‘r'qR:IZ: (BW) (-)
4kTY — L] L] L ] - L]
gl / = -~ e Significant reduction in feedback
Rz . d | = =
i /4 i resistor noise
4kTy
GpalRen’ _ .
14 e Low-frequency input and post
Rﬁn‘ . Wl . .
i amplifier noise is also reduced

2””2R C ZRRFCRX in

F = tot in
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Low-BW TIA & CTLE Front-End

v v
|
Vep _" Mp1 - Mp't F—
i VZT | VZT
n
% l S |_T_| Mn3 : Mns'—T—
BW N ‘ —
BondwireJ- Re R’
|
Cpad]: Ves rsir;k VBT‘-l Mn2 : Mnz2' I—'Vm
= = —l Mt | Mni '—
|
= : =
Low-BW TIA Dummy mirror TIA

25Gb/s Eye Diagram

BER

B8 |Eye Ampl
538 mV

Jnter[rms)
2505 ps

B9 8t Rate 098 | Fall Time
2 18.2ps

5.00 Gbés

1.4E-11
1.2E-11
1.0E-11
g 8.0E-12

4.0E-12

2.0E12

0.0E+00

1E-04
1E-05
1E-06

1E-08

1E-09

1E-10
1E-11
1E-12

1E-1:§_|7

6.0E-12

[Li JSSC 2014]

Integrated noise power
in the input-referred current

SF TIA Post-amp/EQ noise
B Amp noise
B R; noise
TSFE
n=3
1200
16 15 14 A3 12 -11
OMA [dBm]



LOW'BW TIA & DFE RX [Ozkaya JSSC 2017]

c32

\V4

32 PRBS
checker

N
correlator

32 +
1SSTdriver

v 5
o TERM’% | } 12 1-tap DFE !
oK CMOS| i \ 1/4 rate |

Optical RX

In a similar manner, a high-gain low-bandwidth TIA is
utilized

The resultant ISI is cancelled by a subsequent 1-tap loop-
unrolled DFE

52



Voltage (V)

DFE Example

-----------

e If only DFE equalization, DFE tap coefficients 1 t;gfiisi:}n
should equal the unequalized channel pulse b onee
response values [a, a, ... a,]

arsssshasss

e With other equalization, DFE tap coefficients U PR Srrrsssrsflioeeee., i
should equal the pre-DFE pulse response values

» DFE provides flexibility in the optimization of other
equalizer circuits

T YT T L L L T

: . : . . -1 -1 -1
- i.e., you can optimize a TX equalizer without caring Z L [«—oee Z |-
about the ISI terms that the DFE will take care of " Feedback (FIR) |:|":er
[wy; wy]=[a; a,]
6Gb/s Eye - Refined BP Channel w/ No Eq R;gm?F_!__?_F‘__?_h?_'?_n_é_l___9_9_?{'?__?_9_'_#9__3_?§99hses 6Gb/s Eye Refmed BP Chmmel w/ RXDFE Eq
0.5 T T T T T T —% No Eq : . _ . .
0.4 it b [ T# 2-Tap DFE|
S 03 >
Qo ©
D 0.2
S ol
o 0.1 = -
> o -
0 R
; ; : ; : : -0.1 ; .- : ; : :
o 50 100 150 200 250 300 _3 _2 _1 0 1 2 3 4 5 6 ? D 50 1400 150 200 250 300
Time (ps) Time (Ul) Time (ps)



LOW'BW TIA & DFE RX [Ozkaya JSSC 2017]

1st order TIA model pulse response (56Gb/s)

1.0;
% :. _1 5GHZ BW 0.5 SNR normallzed to 1uA mp:n_t‘ — DFE
E 0_& ........................... R PR T — Tt GEE
= : [ N0-%8 | _30GHz BwI = Lwore|
E 0.6 o/ ' 0 57 _— .......... y
_g 04l .|l N @0‘2
- |
g 0.2l i |t . .................................... 0.1} |
= 0.0 f S . . .
0.0 " 0 95 10 15 Bw?EgHz) 25 30 35 40
Time (ps)

e As RF is increased, the main cursor increases and the SNR
improves is ISI is cancelled by a DFE

e Large performance benefit with a low-complexity 1-tap DFE

54



LOW'BW TIA & DFE RX [Ozkaya JSSC 2017]

64Gb/s Pulse Response
& Timing Margin

200}

)

2 150}

100}

Voltage (m

o

=6/36mV

50 100 150 200
Phase Position (32 steps/Ul)

m -5.5 dBm OMA*
® -5.0 dBm OMA*

o Self-referenced TIA is used for
differential generation : |
o Actual 64Gb/s pulse response has ?10;

a significant pre-cursor ISI tap, »
which requires a 2-tap TX FFE 3

AN
.0
time (Ul)

0.2 0.4
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Next Time

e Main/Limiting Amplifiers
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