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ldeal Model of a DFE

* Tap weights typically assumed to be
constant, H,, independent of:

—Clock frequency

* In fact, incomplete settling of the feedback
loop may impact the DFE’s effect

—Amplitude at the input to the latch

* Impacts the delay and hence efficacy of the
DFE

—Each other

* In fact, increasing one tap weight may
impact the effect of another tap weight
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Motivation

* Many DFE circuits have unusual CLK = “1”
responses and timing requirements

—|IR DFEs (shown on right)
— Switched capacitor DFEs

— “Soft” DFEs CLK—

* How do we ensure a particular DFE CLK—
circuit will meet the system
specifications?

— Extensive post layout simulations -4
POSLIay Vit
—> costly

— “By design” (e.g. ratio-based design
techniques)
= not always possible
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Method to Quantify DFE Tap Weight

—> Example: 1-Tap DFE

Gain setting,
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>

Threshold \—L/_ >
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Method to Quantify DFE Tap Weight

Gain setting,
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Method to Quantify DFE Tap Weight

Threshold

Gain setting,
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Method to Quantify DFE Tap Weight

Input-referred

Effective Gain setting,
Tap Weight o
=
Th resho_lgl_
O .....
¢

> -1 ® >

T +1+1 +1 +1@+1 +1
¢

= Depends upon o, T, 6, ...
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Method to Quantify DFE Tap Weight

* Example simulation in 65-nm CMOS:

Differential pairs with current-
mode summation

Input-referred
Effective
Tap Weight

£
>

Threshold

> >
+1+1 +1 +1@+1 +1
AN

Double-Tail Latch [6]
+ RS Latch
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Example: DFE Tap Weight vs. Clock Phase

* At 10 Gbps: effective tap
weight is 50 mV

£
>

Thresho_lgl_ 0
- 0 02 04 06 08 1
) 8 (Ul
Gy

> Jitter can turn into noise due to variations
of the effective tap weight with sampling
phase

RFIC Symposium 2018



Maximum DFE Operating Frequency

» Versus frequency, f=1/1

Input-referred
Effective
Tap Weight

£
>

Threshold

Single Pulse
Test

Tap Weight (mV)

1.25 6.25 11.25 16.25
Bit Rate (Gbps)

» Beyond some data rate, there is insufficient setup- and
hold-time for the latch so a more-negative pulse is
required to trip the latch

» However, this does not exercise the feedback loop
critical path
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Maximum DFE Operating Frequency

__60
_ = 50
I =Ll % 40
— ‘o 30
' i 20717 == Double Pulse
>+ -1 | ~ 10| | ==~ Single Pulse
Effective 0
=\ tap weight 1.25 625 1125  16.25
O. ......... T ............ Bit Rate (GbpS)

* Providing a lone “+1” bit into the DFE tests the
feedback loop critical path settling

» Effective tap weight above 11Gbps depends
upon preceding bits
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Maximum DFE Operating Frequency

* Transient simulations reveal = 60
the problem at the output of € 90
the summing node £ 40
* Some DFE circuits do not % 30
permit direct observation %_ 2017| —— Double Pulse
~ 10| | ==~ Single Pulse

6.25 11.25 16.25
Bit Rate (Gbps)
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Sensitivity of the DFE

60

* Clock-to-Q delay of the DFE ——————
depends upon its input z %
. S
amplitude = <
S 0
D
= 20
-1 41 1 F 40
Effective
4t ight 00
oAl S AP WEIS 10 = ke B3
f A1 (mV)
- * e.g.Smaller amplitude A,
: = slower clock-to-Q delay
b = incomplete settling of DFE feedback path

= lower effective DFE tap weight
* Hence, this one-tap DFE provides 50 mV effective tap weight
as long as the input is at least 50 mV at 11Gbps or lower
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IR DFE with Local Feedback [5]

Vid
IR [?FES can A, Eea
provide many 1 I Voure e
taps of CLK— M3a‘__"_-CLK_“__JM3b ~\Vouro ¢ Decision Circuit
equalization CLK= = 4
without multiple e il — } MUX
parallel e Fvie s ) Y } Summer
feedback paths """ = 5/+ == ,2 - IN-
—_ Lr F I
Feedback ™ T¢ . ‘ RFI } Feedback
RFCF =T = —

» This example incorporated into an optical receiver
consuming only 0.7pJ/bit at 20Gb/ps
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IR DFE with Local Feed
. Example mput OO 0100 .0

back [5]

CLK = “0" Pre-Charged

O M5a igMSb
; ; ; .r . CLKH—"‘_JIﬁa |e—e cLk | >
10 130 250 370 490 ~ Vp e
CLK— 1 ~| Vo
CLK— )
T
M6
M2a M2b
/
V4t 4 | Y ER Vi | vi V2.
Local + Vi — L
Feedback = C; cF::rl R,
RCr=T1 'é‘_ I
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IR DFE with Local Feedback [5]

* Example: input = 00..0100..0 CLK = “1”
1_| | .......... P T 4 -
§ |
G M5a |:|I_Vdd M5b
; ; ; ; - CLKe—p-  M4a 1o CLK |—»
10 130 250 370 490 " > VD,E
¢ > VD,O
M3a
4"—_>M2a
/
III/Mla TV,
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IR DFE with Local Feedback [5]

 Wish to characterize this DFE over PVT, for
different settings of R, C,, different input CLK = "1"
common-mode, etc...

 “Tap weight” is not determined by a ratio,
and is not directly observable

- : : : :
10 130 250 370 490
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IR DFE Characterization

» Single-pulse test used to find
effective tap weight while varying
input common-mode

100

CLK = “1”

00
-

AN

Feedback Weight(mV)
(0))
(&)

N
(&)

0.5 0.6 0.7 0.8
VCM,input(V)
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Finding the IIR DFE Response

Vin

lIR

U N R IR S ?.::..T ......
A > T ® -
t j I

* Performing double-pulse test while varying the delay, D, allows
one to observe how the effect of the first pulse upon the DFE
threshold decays over time

* Can also be applied to discrete-time multi-tap DFE




Finding the IIR DFE Response

CLK= //1”
80 ; ' ] \
< R = 2kQ, C -— 0.5 F M5a Ve M5
E v F F P CLK o9 M4z|32||—| M4b -E-CLK >
~— 60 —.—RF — 1kQ, CF —_ 1pF . '\ | jl > >VVD'E
+= CLK— T| Yoo
fa‘? 4R = 5004, Cp = 2pF CLK— e 1CLKL'F* "
g 40 4|—>M2a M6M2)<—|7
ﬁ W, /7
(T I Mila M1p I
2 20 o A
D + Vi -
quf R,c@= Cr FCFQRF:
=

» Results shown for different
combinations of R; and C.
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IR DFE Characterization

CLK = “1”
* Resistor R¢ implemented with 8 settings, N=0, 1, ... 7 - Ve -
* Post-layout characterization results (bottom left) are fit cuep gty e Vp e
to single time constant responses (dashed) with time CLK— NI v i - Voo
M3a R
constants t CLk=
* These agree well with the products R;C; (bottom right) — Gz mzp e —
7|
Z 1S mia u | Z
0.04 o | _IL—:ZM_ _Ml }jl; — 1 VA
. b+ VF .
400 —— L L % |
| =l Simulation :RF l-‘TCF . CFT'-l RF|
EO'OS 3008 - ......... ......... T —RF‘CF | ———_——_—_— e ———
" ~
§ 002 2 200
§ -
w 0.01} 100 }
0 i i ; 0
0 50 100 150 200 250 b
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Comparison with System Simulations

15
- 10.05
- 10.045
125 - 10.04
= - 10.035
=
) 0.03
3 i
LL 0.025 o
§ 0.02
Q
0.75 0.015
0.01
0.005
"85 1 15 2 25 3 " Delay (UI)
1/(2r1) (GHz)
* First, a system simulation model is used to predict the best » Measurement results
values of 7 to find the best agree: best results at N =1,

>1/(2nt) = 1.2 GHz = 1 =132 ps = between N=1and N=2  and next-best results at N = 2
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Summary

* DFE response is a critically specified part of wireline links

* Verifying a DFE response can be difficult, especially when highly
optimized circuit topologies are used
* A methodology to characterize DFEs was presented

—Relies upon short simulations with contrived input waveforms to extract
the DFE’s effective response in situ

—Can capture all nonidealities of a post-layout circuit

* Methodology was validated on a 65nm CMOS prototype [IR-DFE
[5]
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