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Optimizing a 112G test channel

Power delivery network

Channel performance

» Summary and conclusions
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» Optimizing a 112G test channel
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Optimizing a 112G-PAM4 test channel

= Challenges and goals:

o Design an evaluation platform for 112G-PAM4

silicon and connector system
o 3 dBtotal IL at 28 GHz for TX lanes

o Use affordable, readily available material
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PCB design

= Stackup:

o |-Tera MT40

o 1067 weave

* Impedance:

Layer Thi:::::lnnss Primary Stack Description Dk / Df

o 90 Ohm package / 50 Ohm single ended coax cables Layer- 1 65638 72k Wi (8ta pry aeminoe

0.0050 I-Tera MT40 3.17/0.0023
Layer- 2 0.0006 1/2oz Sig

» 92 Ohm BGA escape and open routing o0 e T searno
Layer - 3 0.0006 1i20z PIG

0.0050 I-Tera MT40 3.17/0.0023
Layer- 4 0.0006 1/2oz Sig

[ | Ro uti n g L 0.0052 I-Tera MT40 3.08/0.0020
" Layer-5 0.0006 1/20z PIG

0.0140 I-Tera MT40 356/0.0033
. Layer- 6 0.0006 1i20z PIG

o Two routing layers (RX, TX) 00062 Fiera MT40 308100020
Layer- T 0.0006 1120z Sig

0.0050 I-Tera MT40 3.17/0.0023
Layer - 8 0.0006 1i20z PIG

o Short TX traces, 11 mm - T 1re N
Layer - 9 0.0008 1i20z Sig

o Board rotation to mitigate periodic fiber weave effects toger 10 oo o e b sinoe

0.0010 Taiyo 4000-MP 3.60/0.0190
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= Topology:

Connector - BGA
o Top-mounted BGA / Bottom-mounted connector E . o= E
m_' E

o CDD and through vias, inherent minimal stubs =

» Impedance control:

o Auxiliary ground vias

o Tleardrops

o Offset ground relief on lower reference plane

Connector via CDD via Thru via
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» Concatenated 4-port channel:
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o Extracted package layout

o Simulated GL102 dielectrics

o Vias, PCB and cabling simulated separately

Measurements:

o Bare-die BGA package

Miscorrelation:

o Under-modeled impedance discontinuities

o Missing resonances in the IL

e

Impedance (£})

AUGUST 16-18, 2021

Magnitude (dB)

IL, initial correlation

0
8t : :
= initial concatenated channel sim
10 — GigaTest measured TX channel
0 10 20 30 40 50
Frequency (GHz)
TDR, initial correlation

105

100 |
951
90
851
80|

757

70

d

= initial concatenated channel sim
—— GigaTest measured TX channel

0 0.5 1 1.5
Time (ns)

#DesignCon

Impedance (£2)

Magnitude (dB)

RL, initial correlation

=—initial concatenated channel sim
—— GigaTest measured TX channel

60
0 10 20 30 40 50
Frequency (GHz)
TDR, initial correlation
105 v

100

95

=—initial concatenated channel sim
—— GigaTest measured TX channel

Test
connector
and cable

package PCB vias and

routing

BGA attach

0 01 0.2 0.3 0.4
Time (ns)

9 @ informamarkets




Examining root cause

= Deep dive simulation review:

o Package vias

o Package copper roughness

Combined co-meshed simulation model
o PCB thru vias

TDR, TX channel

o Connector model truncated

o Co-meshed simulation

Qo
o

(=]
(L]

Impedance (£)

=]
=]

concatenated channel’
co-meshed channel
0 0.1 0.2 0.3 0.4 0.5
Time (ns)

~
"
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Key discontinuity = solder attach

= BGA ball size impact on SlI

= Reflowed ball shape predicts TDR
discontinuities

: ®

ooooooomm
Gaum  Er2u 672u

682 &1 um

Real solder ball shapes Pre-reflow solder ball CT-scan of soldered BGA
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0 IL: sweep reflowed ball size (fixed ball height) TDR: sweep reflowed ball size (fixed ball height)

95
K 90
) =
g g
. . .2 @
» Reflowed ball size (width) sweep 3 : 285
[1]
-E 3 reflowed_balls_48_526_48.s4p — E —reflowed_balls_48_526_48.s4p
= reflowed_balls_48_574_48.s4p N o 80 reflowed_balls_48_574_48.s4p
= reflowed_balls_48_624_48.s4p \ E reflowed_balls_48_624_48.s4p
4 H=—reflowed_balls_48_675_48.s4p \\ — 751 reflowed_balls_48_675_48.s4p
reflowed_balls_48_721_48.s4p N\ reflowed_balls_48_721_48.s4p
reflowed_balls_48_775_48.s4p reflowed_balls_48_775_48.s4p
5 70
0 10 20 30 40 50 0 0.05 0.1 0.15
Frequency (GHz) Time (ns)
height
0 IL: sweep ball height (fixed pre-reflowed size) TDR: sweep ball height (fixed pre-reflow size)
95
B -1 I 1
— Base —— —_ — 90
m
z =]
@ 2f 18
. s 8 85
= Ball shape (height) sweep E \» 5
c - {1 @
o 3 reflowed_balls_48_640_52.s4p o 80 reflowed_balls_48_640_52.s4p
= reflowed_balls_48 675 48.sdp g — reflowed_balls_48_675_48.s4p
-4 reflowed_balls_48 715 44.sdp 1 75 reflowed_balls_48_715_44.sdp
——reflowed _balls_48_762_40.s4p reflowed balls 48 762 40.s4p
5 —reflowed balls 48 815 36.s4p 70 rleﬂowed balls 4{8 815_36.54p
10 20 30 40 50 0 0.05 0.1 0.15
Frequency (GHz) Time (ns)
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IL TX correlation improvement RL TX correlation improvement
- T - T 0

0
= = initial TX correlation
= Co-meshed simulation: —— TXmassuement
— 2 *\\ -10 final TX correlation
) o o~ [}
o Trace impedance updates s, \— 2 2
E \. 2
o Improved reflowed solder ball model 5 6 §,6°
= =
-3 iniial TX correlation A0
———TX measurement
10 final TX correlation | | 50— | | | |
H . 0 10 20 30 40 50 0 10 20 30 40 50
" Correlatlon' Frequency (GHz) Frequency (GHz)
o fSt|II missing some IL resonance at higher o TDR TX correlation improvement
requencies

« Ball model approximation

=
« Die probe calibration impact 8
(1]
- Small uncertainty in VNA accuracy g
- initial TX correlation
75 ——TX measurement
70 final TX comelation
0 0.1 0.2 0.3 0.4
Time (ns)
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= Power delivery network

DesicnCon'Ezan

WHERE THE CHIP MEETS THE BOARD W.a.! AUGUST 16-1 8, 2021 #DesignCon 14 @ informamarkets




= Goals:

o Power the board from single 5V supply

o Provide option to feed each rail from its own
supply

o Neglect impact of noise on the board PDN

= Architecture:

o Relatively low current = cascaded linear
regulators and jumper selectable supply

options.

e
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Net DC voltage | Max current Max Allowed Target
[V] [A] transient deviation impedance
current [A] [mV] [mOhm
P VDD 0.75 3 1.5 3 2
PA VDDL 0.75 2 1 2 2
PA_ VDDH 1.2 2 1 2 2
P VDDH 1.8 1 0.5 1 2
-y 1.8V P_VDD
0.75Y
3n
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» Big-V impedance profile:
o 10 uF 0402 ceramic on back of chip
« Single value
- Directly on power/gnd pins
o 470 uF polymer bulk capacitors help

regulator maintain low impedance

o 22 uF ceramic at the output of the

regulators for stability

W,
DesicnConezn BN - o ts, 2021

Four parallel capacitor banks C1 fol. [%] c2 tol. [%] c3 ol [%] C4 tol. [%]
Capacitance C [F]: 4 TOE-04 20 1.00E-04 20 2 20E-05 20 1.00E-05 20 Fmin[Hz]
-20 -20 -20 -20 1.E+03
Ser. resistance ESR  [ohms]: 0.015 ] 0.9 0 0.004 20 0.005 20 FmaxHz]
-50 -50 -20 -20 1.E+09
Ser. inductance ESL [H]: 3.00E-09 20 5 00DE-09 20 1.00E-09 20 1.00E-09 20
-20 -20 -20 -20 Total:
Number of parts in bank 10 1 3 36 50
Lumped impedance profile P_VDD (Ohm)
1.E+00
1.E-01
— Zrl
— Zc2
1.E-02 Zc3
— Zc4
— 7 _NOM
— Z_min
1803 — Z_max

1.E-04
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09

Freguency [Hz]
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PDN analysis

= Optimize DC-drop
o 1 0z copper power layers

o Hybrid solder iteration to optimize shape size

« Minimize rail-to-rail crosstalk

o Avoid overlap between power planes of

different nets.

o Especially analog vs digital nets
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Net DC voltage | Max current Max DC Max rel. DC
[V] [A] drop [mV] drop [%]
P VDD 0.75 3 5.1 0.68
PA VDDL 0.75 2 4.3 0.57
PA_VDDH 1.2 2 8.1 0.675
P_VDDH 1.8 1 0.53 0.03
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= Spice simulations
o Vendor supplied models and simulator

o Simulated startup behavior to ensure

stability of cascaded regulators

o Simulated output impedance with lumped

external components
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P_VDD startup (mV)

Impedance magnitude (Ohm)

0.1
/ off
/ 0.01
0.001
power on
0.0001
1.E+03 1.E+04 1.E+05 1.E+06
o Frequency [Hz]
Oms 5ms 10ms 15ms
vere JR1 ‘
015
lﬂ POWER ™
x3 [47uF ya  ouTRUT yout 1 u1 _step param Idc 0.110.1
Vi Rser=3E-3 Lser=2£-9 =3 = ventrl LT our| SERRUE
conTroL == vz
Y v L x5 [22ur <! [100MF LT3083 <3 J_(r
Rser=0 Cpar=0 L1580 o e o= T = lﬂuF 22|.r mn..r 4m.n=
sV ADJ ~7 Rser=0 Cpar=0 {1dc}
=D Rser=4E-3 Lser=2-9
110 o '::k Rser=5E-3 Lser=26-9 Reer- 3[3.2 ~2-9
- o1pF Rser=4E-3Lser=26-9  Rser=20€-3Lser=5E-9
£ 5
~
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PDN analysis

= AC impedance simulations

o Dedicated test points and chip’s pin field location

o Mimicking two-port shunt-through measurement
= Two scenarios:

o Voltage regulator output open (right)

o Series R-L element mimicking regulator output

impedance (left)

Magnitude

- Equivalent inductance intentionally high to

see bulk capacitance impedance

s
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TP33: P_Vddh red
TP34: P_Vdd yellow
TP35: Pa_Mss_Vddh purple

TP36: Pa_Mss_Vddl dark yellow

GND: green

Z-parameters

ANSYS

0.100

0010

— Z(PA_MSS_VDDH PA_MSS_VDDH_0)
T Prot1

H

0.0010

T
00100 0.1000
Frequency [MHz]

1.0000

T
10.0000

1000000
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Z-parameters

ANSYS

1.00E+02 o

100E+01 §

1.00E+00 §

1.00E-01

1.00€-02

1.00E-03 o

1.00E-04

—— Z(PA_MSS_VDDH PA_MSS_VDDH_0)
8-ports Z Plot 1

Z(PA_MSS_VDDL PA_MSS_VDDL_0)
8-ports Z Plot 1

— 2(P_vODP_VDD_0)
8-ports Z Plot 1

T
106607  1.00E-06

T T T T
100E-05  100E-04  100E-03  1.00E-02
Frequency [GHz]

T T T
100E01  100E+00  100E+01
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Measurements and correlation

= Measurements:

o VNA with common-mode toroid suppresses cable-
braid ground-loop error

o Home-made semirigid probes

o 100 Hz — 10 MHz measurements with and without
power applied

Impedance magnitude [Ohm]
1.00E+08
1.00E+07

= Miscorrelation:

1.00£+06 open
o DC resistance above 10 mOhm
Selection jumpers simulated with zero resistance "
Not shown — jumpers were shorted with solder .
o Impedance peak at 12 kHz around 100 mOhm s :
with minimum load current . WVW“WWW“{W\WWWW”
e 1643 1644 1645 146 1647

Frequency [Hz]

DesignConemsy S
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Impedance magnitude ON and OFF [Ohm]
1.00E+00

1.00E-01

1.00E-02

1.00€-03

1.00E-04
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Frequency [Hz]
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* Investigation:

o Disabled upstream regulator
o Added lossy bulk capacitors
o Altered the regulator’s feedback circuit

o Measured evaluation board of regulator

* Improvements:

o Updated regulator model’s closed loop
bandwidth

o BOM change, higher ESR bulk capacitor
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Impedance magnitude [Ohm]

1.00E+00

1.00E-01

1.00E-02

1.00€-03 \W .

Simulated with 1A load current

1.00E-04

1.00E+00 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Frequency [Hz]
e 'OFF" —0A" —"0.1A" —"0.2A" —'0.3A" '0.4A" —'0.5A" —'0.6A" '0.7A"
'0.9A" "LOA" "L5A "2.0A "25A" '3.0A" ' i1~ OFF' s 'Sim- ON'

1.00E-01

1.00€-02

N
1.00E-03 S
1.00€-04
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Frequency [Hz]
e QA" ' 0.5 A" LOA' 'L5A '2.0A '3.0A
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» Channel performance
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= Clean transmitter PAM4 eye diagram
at 106.25Gbps

» Sampling scope with de-embedding
tool
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= Cable backplane test channel

Cascaded channel IL (dB)

e
evaluation board | cable backplane test channel \
chip 10 - '\\\\\
L RX e
connector 127 34AWG 20 \.\w\
cable (g
2” PCB i T
»-30 ™
12" 34AWG
X cable
2" PCR =0 W‘\\

L I I
0 5 10 15 20 25 30 35 40 45 50

Frequency (GHz)

W
DesioNConern [ @ e 20n !
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lane2 EYE lane2 - Vertical Sample Bathtub
T T T

T 0.25
—— TopEyeData
—— - TopEyeExt
—— MidEyeData
02 ——— MidEyeExt | |
BotEyeData
0.15

0.1

» Good margins

o
o
&

amplitude (V)
Voltage (V)
o

T v,,:::iiliiit: . BER << 1e-4

S
o
&

-0.1

|
-0.15 i
|
|
B | BER (error rate) | |
|-==-Top----|----Mid---- | ----Bot----| |
| +4.75E-08 | +5.31E-09 | +1.67E-08 | I
L | | I I | I 025
0.5 0.4 0.3 0.2 0.1 0 0.1 0.2 03 0.4 0.5 10° 107! 10?2 10° 104 10° 10° 107 108 10°
time (UI) Error Rate
Receiver eye diagram BER curve
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» Summary and Conclusions
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» Successful design enabling 112G-PAM4 silicon evaluation

o Low insertion loss TX and RX design 0 IL contributions to total channel
o Clean power distribution a4l L T——

1)
o Good channel performance T

872

* Important learnings % R

c 3t

[1°]
o Under-modeled loss contribution of the package = package with reflowed balls

-4 || =——PCB with test connector
: 6" cable assembly
o BGA package attach cannot be neglected for high data rates ] il TX channel | |
o Tlesting power converters prior to design 0 10 20 30 40 50
Frequency (GHz)
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Thank you!
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