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Low-Power DFE Design

Sameh Ibrahim and Behzad Razavi

Electrical Engineering Department
University of California, Los Angeles
(JSSC, June 2011)

Outline

o Motivation

o Background

« Scaling limits of DFEs

e Proposed architecture

» Design of building blocks
o Experimental results



I:qudl 1£T1 LVAQlTyul ico

e TX vs. RX Equalization = —»| ™ | jg———— ] RX |
Equalizer Equalizer

e Digital vs. Analog

_ Digital
——] Analog CDR |—» e Equalizer

Equalizer L
CDR

e Linear vs. Non-Linear

. |A| + _-I-_
; i -
i L
FBE

aed
o]

»Yi

[ )
=4
p

i
. | -
f DFE
4 TR Linear Equalizer
Frequency (GHz}
Prior Art
Reference Bit Rate | CMOS Loss Topology
[ChenISSCC09] 10 Gb/s 32 nm 10 dB 4-Taps integrating DFE
[LiulSSCC09] 10 Gb/s 65 nm 23.2dB DFE-IIR
[HidakalSSCCO09] 10.3Gb/s | 90 nm 35.8dB Linear equalizer + 1-Tap Speculative DFE
[BulzacchellilSSCC09] | 11.1 Gb/s | 65 nm 16 dB 1-Tap speculative DFE + 4-Tap DFE
[LiaolSSCCO08] 40 Gb/s 90 nm 10dB Linear Equalizer
[LuVLSI08] 40 Gb/s | 0.13 um 14 dB Linear Equalizer
[LeeJSSCO06] 20 Gb/s | 0.13 pum 20dB Linear Equalizer
[SunagalSSCC09] 18 Gb/s 90 nm 14 dB 4-Taps DFE, 1+t tap assisted by CDR
[TurkerVLS109] 19 Gb/s 90 nm 11 dB 1-Tap speculative DFE
[WangVLSI09] 21 Gb/s 65 nm 11.7 dB Linear equalizer + 1-Tap DFE
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Decision Feedback Equalizer

X [n] %[n] + o JoglN T ﬁ[n]
_T X [n-1]
Z-1
A
>t
zr[n] = hoxi[n] + bz [n — 1]
Yeg[n] = zp[n] — Azy[n — 1]

= hozln] + W 1] - xy«r( 1]

© Corrects both loss and reflections & High power (especially, digital)
© Does not increase cross-talk ® Tight timing constraints

Comparison of Linear Eq. and DFE

Linear Equalizer DFE
+ =\ Yoql" XgrIn]
& = ¥+
k)
E - ——
3 X [n=1]
z-1
A

Frequency (GHz)

Cancels tail of impulse
o No feedback - high speed 4 P

response.
o But cannot compensate for But feedback delay limits
notches in freq. response. the speed.

o Amplifies noise and crosstalk. Clips noise and crosstalk.

- Use ~5-10 dB of linear equalization followed by a DFE.
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Direct Full-Rate DFE
Unrolled Full-Rate DFE
Direct Haif-Rate DFE
Multiplexed-Half-Rate DFE
Unrolled Half-Rate DFE

Direct and Unrolled Full-Rate DFEs

Voo

Dout tc2q + tsetup +trp < UI =50 ps

X o—9

>

D(n-1)

+
; >
MUX
o
)
50
I"_z—"l

yeq[n] = a:,.['n] - Aa’tr[n - 1] th,FF + tsetup + th,MUX < Ul
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Direct and MUXed Half-Rate DFE

Vop CK

Dodd
T th+tsetup+tFB < U.l

D. o4 GmF1
in G
mF2
L Vop CK
D,ven R% ?
\'/
b, °—D FF [ Doaa
Gm
Voo /J
: >
15
=
th.FF i tsetu.p = tp,.MUX +trp < Ul ~ T l D, n
b
[Payne, JSSC, Dec.05] CK 9
Half-Rate Unrolled DFE
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teq.FF + tsetup + tegarux < UI

[Bulzacchelli, JSSC, Dec.06] 10
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o How far can we reduce the power
dissipation of a DFE?

» How do we systematically scale Oin Dout
without degrading:
- Speed
- Voltage Headroom
- Gain
o Can’t apply reverse scaling:
9-?» Hy (1) Ha(F) | o o = Half) —l
s = T%
= Cin _Cin_ Cn ¢ = Cin =
B g™ p"
[Gondi & Razavi, JSSC, Sep. 07]
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Scaling Methodology
o Scale: v 2&
- Transistor Widths by M . *Tr L.
- Bias Currents by M VI [>"" x| [
- Load Resistors and s / A
Inductors by 1/M. m cK
As a result, <
- Speed relatively constant Cur
if load stage (e. g., CDR) LSSy Vout
can be driven. Roz 2Ro ||
- VOI.tage headroom and Vlnﬁ!:l[f;nla_zllflms;ﬁ
gain are constant. ° TE MG- n
- Power dissipation falls by CK CK
1/M. fss
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Linear Scaling Limitations

Vv Linear
in o Eq.

o Electronic Noise
+ Offset Voltage
o Flipflop Sensitivity

13

Effect of Noise on BER

« With only noise present: mm
Dln
Ve
BER = | —22ea_
’ (2\/ V,%’.eq)

« For BER =10"14
V;meq/ 2\/ V:?,a; =7.6

What happens if the circuit
has offset?

SNR (dB)

14
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Vpp,eq

+

+Vos

Vppeq

+ Vs

g
=
>

PDF of

o Half of the bits see an effective peak swing of
Vipea/2 — Vos and the other half Vj,,/2 + Vo,

BER = %Q (

V;m,t-q/ 2 - ";s

{1/2
‘/n,eq

+ lQ ‘/;)P-CQ/Q + ‘/03
2 72

1n,eq

~ lQ Virwea/2 = Vs
2 V2
n.cq
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Effect of FF Sensitivity

o Sensitivity is defined as the minimum input voltage that
guarantees regeneration to approximately 80% of the full

latch output swing in half clock cycle.

V;ens =

0.81sg

exp
Gml (

 GusRp—1
2RpCLfck

» What happens if the peak input swing is equal to Vg,,o?

Vop.eq

+ + v°s

+vsens ===

=Vsens ----

Vv,
__pp.eq +Vos

.,
"pp-cq

> 15

3 £ }. ‘-r;’['-C’I/Q - V:IH . ‘:;eng
& BER=Q (

V2

n.eq

V2 4+ 2(Vys + Viens)

n.eq
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Latch Offset: Definition

.—‘_\RD
RD+2_ 3

AV,
4 —th1

V.;é)i‘“_ﬂ@ *

2

o Input offset voltage is the voltage
that produces no regeneration (i.e.,
keeps the latch metastable).

-~y

Sense
cK Mode

—u‘r

Regeneration
Mode 17

Latch offset: Abrupt Clock Edge

Regeneration
Mode

o At the end of sense mode: 1,.,(0) = G,.,.Rpl;,

e During regeneration: . . V., dv.,
Gun(Vour + AVppy) = == 4+ (p—=
Rp dt
, GHJI{B])A‘:I'H-'j Gmllf ~t
‘/nu t = X 2 -1
) G.sRBp—1 P P RpCy
G,,,:;T —t
"'m ‘/;u XL X )
+G,RpVi, exp c; exp Rl
H Gmi R - s r -‘A" K
» For no regeneration: ——2~"— Ay, = G, RpV, = ¥, = ——2—
szjRD - ]- (v R - il
T 4D G )

18
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at

g-m](t) = Gml 1=

t,
Vout af
9m3(t) == Gm3 f—-
"

& = Vo g/ (V2Var o)

at . . at__ Vout d\ :'ut
Gm' - ‘ou AV Gm 1-—1 in = Cr——
=D G 2‘r( ¢+ AVigs) + 1\/ 7 Rp +CL It

Sense Regeneration
Mode Moce « No closed-form solution
0o t

o Use a correction factor:

13 T
— Equati ,
12; ‘-Os:::h:i:n- V. = —A‘/'I'H.‘i
m
s 1 G RD Gml exp (GIII3RD - 2)fl
%11. v " G 2aRpCy
s 1
101 \*\
N p
% 10 20 30 40 50
Clock Rise Time (ps) 19

Overall Latch Offset

Vln
GmlAV:I’HI GmﬂAV:l H3
I] = Gml (VGS —'.) VTH)2 ATﬂl Gm3 (‘;“ ~ VI‘H )3 A_ﬁl
2 A 2 o
Iss ARp Iss ARy
2 Rp 2 Rp
Vése =

(ARD)‘-‘ (Ves = Vig)2
+ : -
R l (‘v R _ C"ml - {C’!m:lRD . Q)ti
Tt ("m:j “xp 2('1]{1)( YL
o (ARo\ (Ves —Vin)i
Rp 4 )

e Analysis applicable to both offset and noise
20
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Overall Latch Noise

ot D, 1l T ol

« Input noise voltage is that random voltage waveform
that keeps the latch metastable.

8kT~ B,
- ‘" + 8kTRpB,
‘,’2 - 8k 7B" + 93
Cain T 2
Jm1 g R — Iml exp (g771.3RD - 2)tr
R gmi ) 2O’RDCL
21
Scaling Example in 90-nm CMOS
VDD¥
Reference Design:
10-Gb/s 1-Tap Full-Rate DFE »{G)\,,, FF
A W, ,=25um
W=15um clK R=200
R =200 I,=2mA
I,=2mA ImisR=15
g.R=15 L =500 pH
hy
50 Offset Noise
. I - a 0. _i,._._.j_._,_,_é ________ .-'Rea. P:air eed
: : : -=+Input Pair
3 ; zo.
g : o
o 3 -4
T RS St e P b
0'550.5 ; 1.5 2 25 3 0.250.5 1 1.5 2 25 3
(Scaling Factor)™ {Scaling Factor)™ 22
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Begin with Two Half-Rate Architectures
1

Vop CK Voo NCurs
R it
D A4 D ;
in FF ‘odd
Gm o D44
]
: x
Ll D
=
L} FF |4
A even
3 Dy

25

 Two FFs sample Dx on opposite CK edges.

o MUX2 reproduces full-rate data and selects one of
MUX1 inputs.

teq. FF + toctup + tegrivx, + tpnux, <UI

26
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o Stack the MUX'’s.

« Replace flipflops by latches.
o Add gain stage before MUX.
¢ Use inductive peaking.

27

MUX Stacking
Stacked
% I Mux
= e
. =
L h1‘>@ — E s
n - E 18 FF1 g
® ) : A @
#1 | 1od |
g
“ = =| 15§
h1 "? E------. -....E %
I CK e ;S‘,
4 3

TeK

© Removes the delay of one MUX

© Reduces power consumpton and

number of inductors.
28
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Feedback Simplification

s

Receléled Data

Stacked

CK High Regen. Sense
Lol T Mode Mode
—] = o- - K
Lq o L1
3 ° | -
YcK JcK
= =
m~ 'l H— A
~ ek ‘ ScK
Sense Regen
Mode Mode

© Reduces delay of critical path to:

tp,ateh + tasmux < Ul

29

Addition of Gain Stages
Stacked Even Data
MUX é —*
N a | ° oddData
st SN T
s | ¥, H 2| ook
© H H
= : e g !
'§°‘ —1 ?CK
& = = LIEY
e = hE
SR
= 1.
= rdt
scK

© Larger swings - Faster current steering
© Still a better trade-off even with higher taps

30
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MUXed Half-Rate Original MUHR

Ampfitude (V)
e © ®
I -
® ®© & o

d 44

V1RV

-045 —SIO -2'5 Tima (ps) 25 50 75
MUHR with Stacked MUX
0.
Q.
% 0.1 —-ir +
E-M & o
o i
0.
'o-'s -50 =25 Time (ps) 25 50 75

31

Overall Equalizer Architecture

—
Stacked >§< Even Data

° Odd Data
e —

T

Linear
Equalizer

f

Recelved Data

© Inductive peaking improves speed at summing nodes
and latches.
© Linear equalizer assists equalization (9 dB of boost

required). [ibrahim&Razavi, ISSCC, Feb.10] .
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+——
o M, M
Vin Rj ,_,-,lz ! __ﬂ:“_l C2

Linear Equalizer

L L
High-Pass Path D D
i R R4
Passive H
Peaking R R, Vout ©
— My, M
i ws Mgk

Linear Equalizer Gain (dB})

© Wy
le_l @2mA Q@ >
_l _— - -
Cj = - -

4 6
Frequency (GHz)

—© Adaptation
—o Control

Ali-Pass Path
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Multiplexer and Feedback Latch

Latch 4

D Q
?c{

—

MUX, /

<
8
|
<
]

L L
l_o Rp Rp y Vout
From o] are]°From ;
Path 1o h |_| oPath 2 2 L2 m, M, I_I ", I-X—I_ ",
rom o M5 M M; Mg ke From °
"o ] [t e v el
cxo-llz-lLMc, Mc,-‘Ejl—och' ) )
» Class-AB Clocking » Class-AB Clocking
o Inductive Peaking e R, to shift output CM

34
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o— Linear B
Equalizer < -

o—} Eq é E ';\1
0ﬁ§et Off_set Off_set e Yok
Noise Noise Noise ;

Offset : Offset
Noise | Noise
i Sensitivity
Linear Analysis Latch
: Analysis
| (still @ 10 GHz)
35
Required Eye Opening
1 ;Gm‘ - ;G"" -
A A
1 =-MUX |- =-MUX -
\ -¢-Latch <-Latch
! I . —Total |-- g —Totat [
3 e 2
5 INTehe faheadas . ot
. BEE Sttt amm e T > R
YOS YN DU D P 0.5¢--"apa s 0 P
i et o A4 904004944404 1 i e
.2 06 1 14 18 22 26 3 34 38 02 06 t 14 18 22 26 3 34 38
{Scaling factor)-1 (Scaling factor)-1
35 Y Y Y Y
i |«@=Noise
30 : & o= B=Offset
\ «0=Sensitivity
2 H ==Require e Opening ™
g =\|=\ Rq.idEy=Opr;ig
520
§1
©1
2 06 1 14 18 22 26 34 38
(Scaling factor)-1 36
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Effect of Scaling on Inductors

Reference FF Half resonance frequency
M9 ¥ v v
2
M6 5
8
g
M3 &
-100-60-20 20 60 100  -100-60-20 20 60 100
Cp Time (ps) Time (ps)
il
o—e L RS *—0
— T ——

37

Die Photo

iy 28
=i Output {
b Buffer 1

Summer 1
Inductors

(|
1 &t
Summer2 § |
Inductors 1 |

Buffer 2

300 pm
Fabricated in TSMC 90-nm CMOS technology
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A ] : ‘ ] T R} .

‘—6~inch

=—18-inch
- "i_—24':'inc!'l;'

Channel Gain (dB)

0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)
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Channel Input & Output

Horizontal scale: 20 ps/div
Vertical scale: 100 mV/div
20-Gb/s PRBS7 data
18-inch FR4 trace
10-ps input jitter (pp)
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DMUX Output Eye
— >
'I-f." “.ﬁ..
- R A, NV =
- : <9
o 2 o

Horizontal scale: 20 ps/div
Vertical scale: 50 mV/div
20-Gb/s PRBS7 input — 10-Gb/s output

41
Bathtub Curves
107 .
=0=6-inch
107 N =8=18-inch|
10° ----- eneecdacenchonnee
14 :
o |
10 ‘B A i St St
10'""-----2- ------ I TR
10 =y R T T o o4
Clock Phase (Ul)
20-Gb/s PRBS7 data
0.44 Ul eye opening for 6-inch FR4 trace
0.36 Ul eye opening for 18-inch FR4 trace
42
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Block Power Delay

Linear Equalizer 5mW

Transconductor ImMWx2=6mwW

Tap 30 uW x digital word
Amplifier 4mWx2=8mW 5 ps
SMUX 5 mW 10 ps
Latch S5mWx2=10 mW 17 ps
DMUX 20 mW

43

BER Estimation

Need to consider:
o Additive Noise
e ISI

e CDR Skew

o Jitter
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Effect

gnl

* Probability of Error: P. = /

of Noise and ISl

* S| Distribution:
v}
1
=——— Vs <y < Vax,
91s1(y) Vax = V3) s <y < Vrx
=0 y<Vsory>Vpx

* Noise Distribution:
1 —y?
gn(y) = \/2_7"0'71 CXp20n2

Vax

91s1(y) [ /y N gn(v)dv] dy

On Vs Vrx
e Vrx — Vs (00284 [Q(Un) Q( On )]

soun [t () B (L)]
, Sep.
+ 0.1023 [exp (—2‘2%‘-) —exp (:2%’/;2%)]) . 45
Effect of Clock Skew

Vet = Vs[—(t/T1)? + 1]

0 0.2
Time (UI)
Clock Skew

[Gondi,
JSSC, Sep. 07]
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« Weight P, according to clock jitter distribution, g¢,(T,):
gerr(Ts) = Pelvg(zs) - 9ck (Ts)

z P

2 ' :

8 H '

z : !

B H H

2 : :

2 ] ]

l 1]

5 : :

i P

1041 H .
-0.5 0.25 0 0.25 0.5
T/

[Gondi,
JSSC, Sep. 07]
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