Erl High Speed test-chip
testing

Initial tests on all 3 modules of the erl High speed test chip.

Science and

Facilities Council




Introduction

] | | n
= 3 independent sub-blocks | e
= Phase locked loop with voltage | - vos o0
controlled oscillator. o - B ] —Lmjg
= Direct clock output e | = .
m PRBS Output PRBS_Resetb - — — CMLp_ PRBS
= |2C module
= Rad-hard 12C block test. oL ze e
= 3 off 12C registers. o — g™
= Continuous Time Linear

- IN N CTLE OUT_N_CTLE
Eq Ual ISer- IN_P_CTLE= CML Receiver :

OUT_P_CTLE
* [nput frequency response boosts
signals aroun Nqust frequency
to compensate for transmission
path loss.

» Regenerates CML output.
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DUT on test board with level translators.

Coupling capacitor and termination
TeSt S et u p resistors for differential signals

Xilinx KCU105 dev
board.

SMA connecins for
high speed Current

Can supply Multi

Gigabit tes-t Mode Logic (CML)
patterns via SMA inputs and outputs to
cables CTLE

Drives digital LMK61E2

control signals and programmable clock
12C buses via FMC | s : , chip evaluation board
connector Sl CTree N supplies clock to PLL
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SMA connections for
CML outputs from PLL
and PRBS




12C

= DUT contains a test instance of a soft 1°C macro.
» This test instance is configured with 3 registers
= Writeable (inbound) registers are triplicated with majority voting.
» 2 of the 3 register addresses allow write and read-back of stored data
» 3'd register accessible via breakout shift register — not tested yet.

= Xilinx Microblaze soft core processor system on the KCU105
including an 1°C interface.

» KCU105 design supplies reset and a clock for the DUT.
» Test program running on Microblaze performs write/read tests

= Tests Pass OK.
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PLL and PRBS Tests

*» PLL has 2 operating modes
= Qutput frequency = 8 x input frequency 800 MHz- 2 GHz
= Qutput frequency = 64 x input frequency 5.5 GHz — 7 GHz

" Test setup

» Microblaze processor system on the KCU105 with GPIO interface.
= Allows control of mode and reset pins of DUT.

= PLL input clock is supplied from LMK61E2 evaluation board.
= CML output signals AC coupled into Tektronix ‘scope

= Python program on PC controls PLL resets, input frequency, PSU voltage
and quantifies output using the ‘scope measurements.
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PLL Tests 100 MHz in 800 MHz Out

B 0POJET Plots N
— i ==
e aganawhelzlil F/ BF0EEE 0664

TIE1: Histogram X Ti i TIET: Spectrum

mV/idiv L 56.0mV 800.0ps -4.0ns 4.0ns
00.0mVidiv 100.0mV 40ns 4.0ns — | Run sample
LomVidiv £ 20, 100.0mV -4.0ns  4.0ns 33 acgs RL:2.0M
120.0mV 5 120.0mV -4.0ns 4.0ns Man Janua 2024

376.3mV_ [376.09601m [374.Am  [3763m  [689.51  [200 | |
404.0mv  [404.00001m [404.0m  |204.0m 200 | |

Min Ma St Dev Count Info

52205 [1639248%p [14560 18039 [s5tp 200 | |
[1240ns [12489470n [1245n 125z [1srse 200 |

Height1: Eye Di i TJ@BERT: Bathtub:

Bit Rate - 1 6000Gb/s

¥ Pattern Length : 21 View Details

1, Description Mean Std Dev Max Min PP Population Max-cc Min-cc
&
[* Height1, Math1 727.94mV 3.8918mV  733.72mV 719.77TmV 13.950mV 0.0000v  0.0000V
= TJ@BER1, Math1 147.45ps 15.283ps 172.03ps 122.05ps 49.980ps 0.0000s 0.0000s
[ RJ-561, Math1 9.4655ps 959.99fs 11.545ps 7.9399ps 3.6054ps 0.0000s 0.0000s
[ DJ-561, Math1 14.280ps 7.6156ps 36.570ps 3.7263ps 32.844ps 0.0000s 0.0000s
= Width@BER1, Math1 1.1026ns 15.283ps  1.1280ns 1.0780ns 49.979ps 0.0000s 0.0000s

coceand W 800 MHz output, full 400 mV amplitude
» Clean eye diagram and bathtub.
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Enabling the PRBS.

B 6 o 0w - ° *| = Viewing Clock output with
" PRBS enabled.

______ = Eye diagram jitter is much

___________ o WOrse.

_____ ; ! . | » Bathtub narrows.

= Conclude that there is
Interference (possibly via
VDD/GND) from the PRBS
R i fo - 0 PLL.

. ________ ________ _____ 5 _______ = No more test with PRBS
enabled.

TNZBER1: Bathtub
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Automated Frequency Scans, Low speed mode

Output Frequency and lJitter Output Amplitude
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- ssenceand ™ Output frequency behaves correctly only from 100 to 170 MHz input
& Technology fl‘eq uen Cy
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= Above this, output jumps to 2.1 GHz and output amplitude drops to =0.3 V




Frequency Scans, Low speed mode, VDD=1.3V

Output Frequency and lJitter Output Amplitude
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Technology

Faciities Council @ At \/DD=1.3V the output frequency behave correctly only from
150 to 240 MHz input frequency

senceand ™ NOte increased output amplitude at VDD=1.3V




Automated Frequency Scans, High speed mode

Output Frequency and Jitter Output Amplitude
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Technology /GHz maximum.
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Scionce and = Qutput frequency behaves correctly over wide range, but stops slightly short of

= Qutput amplitude is very attenuated at this frequency, 40 mV@ 6.5 GHz = 13
Ghits/s, 140 mV @ 5.1 GHz = 10.2 Gbits/s



PLL Summary

Output Amplitude as function of output frequency Output Frequency varying VDD
(VDD=1.3V) 8.00E+09
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= The output amplitude decreases rapidly with increasing output frequency.
Toehmaiogy = The PLL upper frequency range can be increased slightly by increasing VDD to 1.3V.

Facilities Council = PLL will lock at much lower frequencies than target specification.




CTLE Tests

» KCU105 is programmed with Xilinx Integrated Bit Error Ratio Tests
(IBERT) IP.

= Typically IBERT tests a signal looped out of the FPGA and back into the
FPGA.

* FPGA outputs can supply signals without looping back to FPGA inputs,
viewing signal on a 33 GHz bandwidth Tektronix MSO73304DX ’scope.

= Qutput pattern can be 7 bit, 9 bit... 31 bit PRBS.

» Fully tests Multi Gigabit links.
= ‘'scope can reconstruct and measure the eye diagram.

= Output pattern can be a fast clock (alternate 10101010)
= Can be characterised using standard scope measurements.

= Firmware built for 2, 4, 5, 6, 8, and 10 Gbhits/s.
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Technology
Facilities Council




2 GBits/s, VDD=1.2V

KCU105 direct to 'scope (72 inch cables) KCU105 to DUT to 'scope (72 inch cables)

Bl oPosET Plots - o X - TIEA: Histogram TIEA: Spectrum

TIE1: Histogram X Ti TIE1: Spectrum

" bl ..

A Adp G 08 G 158 e 0.25Hz 0146Hz 0fGHz

04GHz 08GHz

TJiZBER1: Bathtub

Y Voltage i i 1 TJZBERY: Bathtub

100ps

* The oscilloscope constructs the eye diagram.
Science and

Technology i ™ Né)te that the signal from the DUT has somewhat slower
edges.




4 GBits/s, VDD=1.2V

KCU105 direct to 'scope (72 inch cables) KCU105 to DUT to ‘scope (72 inch cables)

Bl 0POIET Plots - 0 ¥ i Hi TIEA: Histogram

Taim | 14 = [ h = T MM=E=| ~+ ot of
Eé @l@l@‘w “"U‘sw‘c wm}EQ;EQ\NJ:N\\N{N\\EVQ ;ﬂ l O0=od 0 @

45 04 03 020 01 0 01 02 03 04 [IE]

Science and

* The signals from the DUT now clearly slower edges.
et w The eye has started to close due to different preceding bits




5 GBits/s, VDD=1.2V

KCU105 direct to 'scope (72 inch cables)

Bl DPOJET Plots - O ¥ TIE1: Histogram

-50p= Oz

Height1: Eye Diagram

100mYy
oy

-100m S

-300mb

-400m*

Science and
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100ps

KCU105 to DUT to ‘scope (72 inch cables)

TIE1: Spectrum

il A wn

1 Jh'ulu ML i

1GHz 25GH

TJ@BER: Bathtub RUls

*» The eye directly from the KCU105 remains open.
reiecontm The ‘scope cannot reconstruct the eye from the DUT.



5 GBits/s, VDD=1.2V

KCU105 direct to 'scope (72 inch cables) KCU105 to DUT to 'scope (72 inch cables)

File | Ecit

| A N

54.5mvV O i 0 By:33.06 #7770 70.0mV 1,000.0p -5.0ns  5.0ns | |.ﬂmf334.8mv 5.0psidiv 100G S/s . | . =B 50.5mVidiv 500 By: D 80.0mV 800.0ps -4.0ns 4.0ns |

70.0mV O 00 By:20.0G #T0 24.0mV 1,000.0p -5.0ns  5.0ns T 80.0mVidiv 500 B,:20.0G T 120.0mV 40ns 4.0ns Run

120.0mV Ops 35 acqs T 120.0mV 4.0us 921 acqs RL:2.0M
545mV 1,000.0p 5.0ns 50ns Man January 31, 2024 1 #1Ee 50.5mV 800.0ps 4.0ns 4.0ns Man January 29, 2024 1

FETE

Value Mean i St Dev Count  Info Value Mean C

07ps  [1eazsonp fnze [15120 fracsp |

s [rosezsup orasp [1209 oasp [0 | o708 [s21928120 [10730 |

5531 0796t [ra0p  [11a0p foszip [za0 | >
[o3o0s oasssoon [raser [rzaz ltoszp e || e

Jitter, Noise and Eye Diagram Analysis Tools

MATH1 | ¥ Bit Rate : 5.000Gb/s . y Bit Rate : 5.7755Gb/s

Pattern Length - 12701 View Details = MATHT | ¥ B tern D . View Details

Description Mean Std Dev Max Min pp Population Max-cc  Min-cc . \ Description Mean Std Dev Max Min p-p Population Max-cc  Min-cc
e r L

() Height1, Math1 572.63mV  3.9107TmV  579.79mV 562.87mV 16.927mvV 23 0.0000V  0.0000V p \ e [ Height1, Math1 0.0000V 0.0000V  0.0000V 0.0000V 0.0000V 0.0000V  0.0000V

(¥ TJ@BER1, Math1 15.163ps 474.32fs  16.072ps 14.152ps 1.9199ps 23 0.0000s  0.0000s [+ TI@BER1, Math1 526.78ps 0.0000s  526.78ps 526.78ps 0.0000s 0.0000s  0.0000s

(£ RJ-551, Math1 602.40fs 24.304fs  638.31fs 568.65fs 69.658fs 23 0.0000s  0.0000s ‘ [ RJ-551, Math1 25.384ps 0.0000s  25.384ps 25.384ps 0.0000s 0.0000s  0.0000s

[® DJ-551, Math1 6.6879ps 242,64 7.1637ps 6.1443ps 1.0194ps 23 0.0000s  0.0000s { ) [# DJ-561, Math1 169.65ps 0.0000s  169.65ps 169.65ps 0.0000s 0.0000s  0.0000s

() Width@BER1, Math1  184.84ps 474.29fs  185.85ps 183.93ps 1.9202ps 23 0.0000s  0.0000s [* Width@BER1, Math1 0.0000s 0.0000s  0.0000s 0.0000s 0.0000s 0.0000s  0.0000s

* The ‘scope cannot reconstruct the eye from the DUT - but
Technoiogy. the KCU105 could.

™ w Note how lone 1’s only just cross the midpoint.




Fast clock pattern, 4 Gbits/s, 2 GHz

File | Edit | “erical | Digital | HoriziAcg | Trig | Display | Cursors | Measure | Mask | Msth | MyScope | Analyze | Uities | Help n
- -

R AR |
A}//’\x / \Q‘“ / \ 4// ‘\\ f/\\ ,f \

/] N/ / \\,// N \w ?\hﬁ
| |'I )} d ll". ! § / I \ /

. @3B 50.5mV Offset:122.8mV 500 By:33.0G6 4777» 70.0mV 200.0ps -1,000.0ps on| |.ﬂmj3?ﬁ.TmV | 1.0ps/div 100GS/s 10.0ps/pt . . &= 36.4mVidiv 500 B,:33.0G D 70.0mV 400.0ps -2.0ns  2.0ns . |.ﬂm_f-2.912mv | 2.0ps/div. 50.0GS/s 20.0ps/pt
T 70.0mV Offset:420.0mV 500 By:20.0G  £2TTI) 120.0mV -1,000.0ps K ) 1 T 70.0mVidiv 500 B,:20.0G FTT» 24.0mV 400.0ps -20ns  2.0ns ) 1
#T 120.0mV 1.0ps 184 acqs RL:1.0M #TH 120.0mV 2.0ps 55 acqgs RL:1.0M
@y 50.5mV 200.0ps -1,000.0ps 1.0n Man January 31, 2024 16:17:01 @1y 36.4mV 400.0ps -2.0ns 2.0ns Man January 31, 2024 14:41:34

Value Mean Min St Dev Count Value Mean Min St Dev Count  Info
©E» Ampl 3394mV  [336.28779m [333.3m 1.66m 184.0 @® Ampl  [203.8mV  [203.74072m [202.4m 371.3p 55.0
T Ampl 3444mV  [344.34239m [341.6m ! 1.405m  [184.0 T Ampl  [212.8mV  [212.8m 212.8m 0.0 55.0
=D Rise 94.54ps  (87.402698p (78.07p 4 4.2128p 184.0 ©E® Rise 150.2ps  [144.44537p [131.4p 4.902p 55.0
©E® Fall 98.1ps 95.370095p (81.54p ! 3.737p 184.0 ©E® Fall 1145ps  [116.35155p [106.1p 4 4.595p 55.0
T Rise 65.75ps  |70.315945p |64.07p I 2.541p 184.0 T Rise 144.7ps  [144.22388p [118.2p ; 757p 55.0
T Falr 74.25ps  |78.83426p |67.17p ‘ 4.309p 184.0 T Fal 104.0ps  [108.25631p [91.93p 3 6.13p 55.0

‘:Voltage : HEith'li: Eye I]ilagram . : -. er, Noise and Eye Diagram Analysis Tools
. . Y:Woltage Height1: Eye Diagram
T — T T

Description Mean Std Dev : ! ; : \ : Description Mean
No : 3 - : : . . : E— L+
@ Height1, Nath1 662.04mV  2.8071mV : f ; 5 5 f ; g =A@ Heightt, Math1 379.23mv
® TJ@BERT, Math1  93252ps  1.0380ps : : : ; : : : : ; ® TJ@BER1, Math1  22.652ps .
@ & RJ-561, Math1 49201fs  40.766fs : : : : : : : : : sul 5 RJ-551, Math1 1.3813ps
@ DJ—551, Math1 24031ps  T13.05fs : : } ; : : :  DJ-551, Math1 3.0774ps oy

 Width@BER1, Math1 490.68ps  1.0380ps : : . : : : : Y : # Width@BER1, Math1 477.35ps
: : : : : S -100m

[ Eyve: &) Bits E : E ; " Eye: Al i
LootseRnnindo: | : . ; 5 ; sorts 200V ot %0 0031526
-400m —l_||s B000:12438, TotalB37731: 21 Bz R SERPRNY s L . UIS B0 24873, Totat 222032 1159313
|

-250ps -1 SUpS -SUpS S0p= 150ps -250ps -1 Stlps -SDps

Science and = Signal from DUT nearly sinusoidal and lower amplitude.

Technology

raciiiescouncll  m Can be characterised by conventional scope measurements.
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Amplitude (V)

0.1

0.05
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Ch1l Amplitude @ VDD=1.2V, varying lbias

1 2 3 4 5 6 7 8
Bit Rate (GBits/s)
= CH1 Ampl: VDD=1.2 V, Ibias=100 UA ====CH1 Ampl: VDD=1.2 V, Ibias=100 uA
e CH1 Ampl: VDD=1.2 V, |bias=200 UA === CH1 Ampl: VDD=1.2 V, Ibias=246 uA

—— CH1 Ampl: VDD=1.2 V, Ibias=300 uA

CH1 Ampl: VDD=1.2 V, Ibias=400 uA
= CH1 Ampl: VDD=1.2 V, Ibias=500 uA

Science and
Technology
Facilities Council
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Amplitude (V)

0.3

0.25

0.2

0.15

0.1

0.05

Varying lgas Operating point

Ch3 Amplitude @ VDD=1.2V, varying lbias

1 2 3 4 5 6 7 8
Bit Rate (GBits/s)

= CH1 Ampl: VDD=1.2 V, lbias=100 UA === CH1 Ampl: VDD=1.2 V, Ibias=100 uA
e CH1 Ampl: VDD=1.2 V, |bias=200 UA === CH1 Ampl: VDD=1.2 V, |bias=246 uA
= CH1 Ampl: VDD=1.2 V, Ibias=300 uA

CH1 Ampl: VDD=1.2 V, Ibias=400 uA
= CH1 Ampl: VDD=1.2 V, Ibias=500 uA

" Increasing lg,s Slightly increases amplitude.,

= But does not increase bandwidth.
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Amplitude (V)

Varying VDD operating point

Amplitude CH1, Ibias CML=200 uA, various VDD

Amplitude CH3, Ibias CML=200 uA, various VDD

0.45
0.45
0.4 04
0.35 0.35
0.3 0.3
>
0.25
0.25 =
2
o
0.2 £ 0.2
<
0.15 0.15
0.1 0.1
0.05 0.05
0 0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9
Bit Rate GBits/s Bit Rate GBits/s
= CH1 Ampl, 1.2 V e CH1 Ampl, 1.3 V = CH1 Ampl, 1.4V = CH1 Ampl, 1.5V = CH3 Ampl, 1.2 V e CH3 Ampl, 1.3 V e CH3 Ampl, 1.4 V = CH3 Ampl, 1.5V

Science and
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* Increasing VDD significantly increases amplitude,



Varying VDD, Normalising by 2 Gbits/s value

Normalised amplitude CH1, Ibias CML=200 uA, various VDD Normalised amplitude CH3, Ibias CML=200 uA, various VDD
1.2 1.2
1 1
0.8 0.8
k<) o
© =
v ]
g °
S 06 T 06
= E=
E o
< E
0.4 04
0.2 0.2
0 0
0 1 2 3 4 5 6 7 8 9 10
Bit Rate Gits/ 0 1 2 3 4 5 6 7 8 9 10
|
Rate BRI Bit Rate GBits/s
e CH1 Ampl, 1.2 V e CH1 Ampl, 1.3V e CH1 Ampl, 1.4V e CH1 Ampl, 1.5V
e CH1 Ampl, 1.2V e CH1 Ampl, 1.3V e CH1 Ampl, 1.4V e CH1 Ampl, 1.5V

Technoiogy. * Increasing VDD somewhat increases bandwidth
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Comparison with bare PCB with direct wire bonds

Amplitude on CH1 (p), Fast Clk tests

Amplitude (mV)

450

400

350

300

250

200
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Amplitude on CH3 (n), Fast Clk Tests

500

450

400

350

300

250

200

Amplitude (mV)

150
100

50

5 6 7 8 9 10 0 1 2 3 4 5 6 7 8

Bit Rate (GHz) Bit Rate (GBits/s)

e 72"+24"cable, term 0.6V:CH1 Ampl

72"+24"cable, CTLE Reversed:CH1 Ampl
= = = ASCI:CH1 Ampl, 1.2V

Science and
Technology
Facilities Council

72"+24"cable+base PCB CTLE:CH1 Ampl e 72" +24" cable, term 0.6V:CH3 Ampl

72"+24"cable+base PCB CTLE:CH3 Ampl

72"+24"cable, PLL to PBRS:CH1 Ampl

72"+24"cable, CTLE Reversed:CH3 Ampl

72"+24"cable, PLL to PBRS:CH3 Ampl
= = = ASCl:CH1 Ampl, 1.5V = = = ASIC:CH3 Ampl, 1.2V = = = ASIC:CH3 Ampl, 1.5V

= Bold curve is direct from KCU105,
» Dotted are using the DUT.
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PCB Loss

1.2

Transmission of PCB

o
[

Transmission (ratio)
o
[e)]

°
>

0.2

0 1 2 3 4 5 6 7 8 9 10
Bit Rate (GBits/s)

CH1:CTLE FWD CH1:CTLE Rev CH1:PLLto PBRS = = =CH3:CTLEFWD = = =CH3:CTLERev = = = CH3:PLLto PBRS

Technology transmission, estimate 90 % transmission on each leg.

Facilities Council

ionce ang * For most signals total path in and out gives 80%

= For CTLE P side loss is worse. Not understood.



Questions?



