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Motivation

* Higher the luminosity, higher the energy cuts » low-momentum objects are
prescaled

* Trigger efficiency for some Physics channels can be improved with
topological information
— Examples: B-hadrons decaying to two low-pT muons and lepton flavor violation decays.
— Only calorimeter topological information was foreseen in Run 2

* Physics processes involving muons » loss of trigger efficiency
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Motivation

* MUCTPI firmware upgrade » Muon topological information in Run 2

— Sustain trigger efficiency for Physics channels involving muons

» Electro-optical interface used to forward MUCTPI data to Topological
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ATLAS Level-1 Muon Trigger
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ATLAS Level-1 Trigger system

" Implemented with custom
electronics.

= Reduces rate from 40 MHz
down to 100 kHz

» Adding topological information

in Run 2 » L1Topo

" The CTP receives flags from

L1Topo
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Muon trigger detectors

" Provide multiplicity and approximate energy range
* Fast response (< 1BC)

» Resistive Plate Chambers (RPC) in the barrel

" Thin Gap Chambers (TGC) in the end-cap

* Momentum of muons is
measured from magnetic
deflection of muon tracks in the
toroid magnets

* Higher the momentum, smaller
the bending

= Trigger sector logic reconstructs
muon tracks

— Sends sector data with six levels of
transverse momentum (p;) to the MUCTPI
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MUCTPI

» Calculates total number of muon candidates for each of 6 pT thresholds
* Avoids double counting of muon candidate in overlap regions

» Sends multiplicity to CTP

) Trigger
* Consists of: S
— 16 octant modules (MIOCT) ©x i | MIOCT Radegt
* Generates the local multiplicity
1x i | MIOCT L
*» Handlesoverlap "™, . o o i D 0000 ............. B
" — Bi
* Sends flags to CTP using the electrical trigger outputs A:I:Qr’
Tree
— MIBAK P
* Calculates total multiplicity
* Distributes timing and control signals
* Implements readout bus PR MIOCT —
— ey CTP
- MICTP
* Receives trigger & timing 208 Sector S DA
Logic inputs MIROD
+  Forwards total multiplicity to CTP = HLT
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MUCTPI (cont.)

MICTP . -MIROD-
BXMIOCT e W W/

— MIROD
* Collects readout data via MIBAK
* Sends them to HLT and DAQ systems
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SECTOR
DATA
INPUTS
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MIOCT

— Synchronization using
programmable length pipelines

— Overlap handling using Q?zR;IIIWSI:QM
XTMIX
programmable LUTs -
Q(72) D (72)
— Sends local multiplicity to MIBAK 4 v )
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Feasibility tests
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Feasibility tests

Can the MIOCT trigger outputs be used to transmit
topological information to L1Topo?

= Verify operation at high rates (40 Mbps is not enough)
= MIOCT firmware modification to send PRBS-31 data at 320 Mbps.
* Open eye-diagram with outputs sending data at 320 Mbps
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Feasibility tests

* Measurement characteristics
— Oscilloscope / MuCTPiToTopo P different receivers
— Data are not stored for further checking

— Oscilloscope »long dead time » measures only high BER

Acquisition lime | + Dread nime * | Aoquisition lime

USRS U UL U BN U

" Development of a test system
— Measure low BER
— Generate a phase scan

— Check topological data
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Summary MUCTPI firmware upgrade

Feasibility tests MX X T AR T

Development of an f
SECTOR i
DATA |

INPUTS

error rate test system
Maximum bit rate

i TRIGGER
58 OUTPUTS

SECTOR
DATA
INPUTS

T N

Topological information

Integration tests in the lab Tests in USA15
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Development of the error rate test system
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Test system hardware platform

XADC Header User SMA Clock

FMC
(HPC, 4x GTX)

User SMA

FMC
(LPG, 1X GTX)

SFP/SFP+

= Xilinx Kintex-7 FPGA board E-.

Linear BPI

Flash Memory (128MB) Power Switch

Config Mode/Upper Linear

— FPGA with programmable
internal delay lines RN - S

USBITAG

Interface

12V Power

User DIP Switch

FPGA Prog
Push Button

— Gigabit Ethernet interface

Status LEDs

o DDR3 memory module 10/1%?!;?{?3;4::
- 2 FMC SIOtS HDMI Output

User Rotary Switch LCD Character
(located under LCD) Display

Connecf tor Kintex-7 XC7K325T- DDR3 SODIMM
(8-lane) 2FFG900C FPGA Memory (1GB)

= MUCTPI receiver mezzanine card

— 32 NIM inputs and 8 NIM outputs
— NIM/LVDS level converters

= ECL-LVDS level converter mezzanine card
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Test system firmware

* Firmware block diagram

———————————— PC
| Kintex 7 FPGA 1
—
. . Ethemet Ethernet
| replicated 32 times e PHY Controller

o

MUCTFI : PRBS
receiver card DDR input Evaluation

Adjust input PRBS Control the
phase receiver hardware
Detect Count bit Read out
transitions errors test results
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DDR input

Delay Control

XH
Input pad

X+

IDELAY
Master

0°

ISERDES "

270°)

7l

IDELAY
Slave

]

0°

ISERDES "

270°

* Implements master and slave internal delay lines

* Adjusts the input phase from 0 to 3.125 ns in steps of 78.125 ps

* The delay offset between master and slave paths is one step

= XOR gates are used to compare the data from both paths to detect transitions

Q1
Q1_match
Q2
Q2_match
Q3
Q3_match
Q4
Q4_match
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PRBS evaluation circuit

1) Monitor transition at a given sampling phase
2) Compare the received PRBS data to a reference

3) Count the number of errors

Q1_match—» .y
Q2_match—» Transition »| status register
gi_ma’;cﬂ > Detector
_match—»
ena_eval —» l l T™T
rst_eval —» [ L T
phase selection =
Bit oSS
Counter » event counter
o~ PRBS ' |
Q1> '
sl Y-, receiver e Error .
N > T~ C t »| error counter
G RRBS W S ounter
receiver
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IPbus

* Control / Readout via Ethernet
— Configure registers in the FW

— Read out test results

* Requests are encapsulated
into an Ethernet packet

" [Pbus core translates the requests
to Wishbone transactions

a4 R/W Methods )

board.read("rst_eval")

board.write("rst_eval", value)
board.read("ena_eval")
board.write("ena_eval", value)
board.read("resync")

board.write(resync", value)
board.read("load_tap")
board.write(load_tap", value)
board.read("result_req")
board.write("result_req", value)
board.blockRead("tap_out",num_of_regs)
board.blockWrite("tap_in",values)
board.blockRead("ref_word",num_of_regs)
board.blockWrite("ref_word",values)
board.blockRead("eval_result",num_of_regs)
board.blockRead("ddr_events",num_of_regs)
board.read("mem_current_addr")

Ipbus software
(PyChips)

Ethernet Interface
on the PC

Ethernet Interface
on the test system

A
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A
A\ 4
Ethernet Packet

IP Packet
UDP Packet
IPbus Packet Header
IPbus Request 1

IPbus Request 2

IPbus Request 3

IPbus Request 4

IPbus Request ...
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R Ve
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Test system software

Channels

Match and Mismatch histogram
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Software written in Python scripting language
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Control and read out results from the test system generating:
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Test results
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Test results

" Transition detection 0
2
— Comfortable timing margin 3 0/ O -
U
o . 5
— Reliable data reception can be 6
achieved sampling data at the ; E - S
optimal sampling point 1: ole aY-
b |
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Taps
the clock phase > 80 ps
P P < 3.125 ns >
1/40 MHz = 25 ns 25 ns / 8 bits = 3.125 ns per bit

3.125 ns / 40 taps = 78.125 ps per tap of resolution
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Bit error rate results

= No errors in 120 h

= BER < 105 @ 98.8 % C.L.
— Upper limit of 1 x 1071 » 32 MUCTPI channels @ 320 Mbps during 24 h > LHC fill

— More tests were performed (total > 500 h)

BER Results
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MUCTPI upgrade for LHC Run 2
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MUCTPI upgrade

= Topological encoding unit added

Extract & encode topological information from the two highest-p; candidates

— Transmit the data through the electrical trigger outputs at 320 Mbps.

= |n addition:

— Write debugging information from
the topological encoding unit to memory

— Topological information is
serialized using DDR outputs.

Rate monitoring counters

One candidate

Two candidates

More than two candidates.

[ LVDS Tranceivers ]
EP2S90EPGA ... ....... N s :
) :
: % 4—( Synchronization & Alignment ] :

3 v v Ny
3 Overlap Pipelines &
= Handling Derandomizers FIFOs | .
F:D; < v R v v ;
. Topological || Multiplicity Readout Monitoring | .
A Encoding Summing 9 FIFO U FIFO Y
S Topionie Wty W T '
information T Busvps ) WME )
% 8 L Buf+fers Inteiface
zP = Ve ~
= [ ou? J{ MIBAK VME Bus
N P AN J
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MUCTPI upgrade

" Topological Encoding unit block diagram

Encoder

Veto Sorter
=
Muon o
. o
Candidates ,,T:
= :
Do
pT.
Veto flags e =
from overlap .

handling P e

* Logic is clocked at 4 times the BC (160 MHz)

= Veto unit

— Suppress candidates flagged by the overlap handling unit

o|o|o|o|=|o|o|o
o|o|o|o|o|o|=|o

Serializer

PRBS-31

pT2cpT ke ¢ n

Alignment
pattern
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Sorter unit

= Sorts the muon candidates according to their p; values

= QOutputs the sector number, Rol and p; value of the 1st and 2nd highest-p;
candidates

= Sequential sorting too slow P parallel implementation

= Multiple comparators are used to find the 2 highest-p; candidates from 26
candidates

— Forinstance, 325 comparators are implemented to sort 26 candidates

b C d e
a | pPra = Prb Pra = Pre | Pra = Prd | PTa = PTe
Example for b | (pra = prs) | Pre = Pre Pre = P1d | PTb = PTe
five candidates
(pra = pre) | (PT6 = Pre) | Pre = Pra | Pre = Pre
d | (pra = 'p’r.ﬁ (prb = pra) | (Pre = Pra) | Prd = Pre
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Sorter unit

* Timing diagram

(]
(]
(]
clock '
[}
[ ] []
: Comparison results finding highest element selecting highest eIemeE\t
[ ] [ [ [ L}
. » » » '
’ 6.25ns<At<8ns At<15ns At<1.5ns ’
[} [}
[ ] [}
[] (]
' More than one 1 60 MHZ finding 2™ highest element selecting 2" highest element
] > P
; clock cycle At<15ns At<15ns,
. ;
[} (]
start end

— Multicycle timing constraint of the sorting unit » path propagation delay = 2 clock cycles

— Topological encoding timing diagram:

clk I_LI_LI_LI_LI_I_I_LI_I_I_I_I_I_I_I_I_I_I_I_I_LI_I_I_\_I_\_I_\_WL

sector_data : /X Data 0 X Data 1 X Data 2 }V
sector_data_source_valid /_\ /_\ /_\ V :
candidate_veto_data : : /X Data 0 X Data 1 X Data 2 }V
candidate_veto_source_valid /_\ /_\ /_\ V
sorting_data : : : : A( Data 0 X Data 1 X Data 2 )V
sorting_source_valid [\ [\ [\ V%
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Encoder unit

= 8 bits of topological information were allocated based on best trigger efficiency from
physics simulations

. — =
Bl‘F position 716154 3 21110 i\ el
Irigger output M @ Pr

* 7 codes out of 8 used to encode Eta * 8 codes used to encode

* Remaining code used to indicate no * Uniform bin size A¢ < 0.1

candidate

o
j|IIII|III\|I\II|\II\|IIII|III\|I

[=]
_Ill\\I|I\II|I\II|II\I|II\\|II\\|I
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Geometry

* Each MIOCT encodes 7 x 8 = 56 geometric locations
= Global Eta, Phi coordinate based on octant number

* MUCTPI system encodes 16 x 56 = 896 geometric locations
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Serializer

» Serializes 8-bit word at 320 Mbps
— Uses DDR register outputs

= The two electrical trigger outputs carry the information from the 1st and 2nd highest-p;
candidates respectively

* Generates a fixed 16-bit training pattern
— Used for phase and word alignment in MuCTPIToTopo
* PRBS generator same as used in the feasibility tests

— Used for testing PRBS-31

Alignment
pattern
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Verification tests of the MUCTPI firmware upgrade
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In-system verification

C++ simulation software MIOCT hardware
* Checks MIOCT hardware in > :
» »| Data checking [« <
operation Test Memory
Sector data > R
* Compare results fromthe | | | T ...
4 . Y
hardware to a software model e N 4 )
C++ : Overlap : Overlap
( ) - Handling Handling
- y . A - .
= Write constrained random . 1 5! !
N d N E. s N
generated sector data to a : Candidate | §. o
test memory ; Veto S Veto
— oY Y, E 8 Y,
= Test Memory: ! R Tz S
. : =X
— Inject§ sectc_)r data to overlap 5 Sorer % Sorter
handling unit c.
- O - J
— Reads out the generated veto flags ; ! % v
and topology information e h %; (" )
: Encoder : Encoder
* Checked data from ~ 1.4 -l NG L .
billions of bunches E ' :
"""""""""""" - A 4 ~
— No errors il
Serialization and transmission _jgr | Seralzer
are not checked S -
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Upgrade of the error rate test system and test result

» The error rate test system was upgraded

— Receive serialized data from 32 MUCTPI electrical trigger outputs

— Align them
— Write them into a memory module
N Data from the Data sent to
*  Where they can be read out by a computer for verification word-alignment circuit IPbus memory interface slave

- i : o 256 bits Ipbus R/W requests 32 bits

Word alignment circuit compares 2 MHZ{ ldata " lread enable$31'25 -

input data to predefined 8-bit

reference value. Asymetric Asymetric

FIFO FIFO

= Memory interface receives data from —

32 channels

512 bits ¥ read enable ¥ 512 bits

— Groups it in 512-bit words 100 MHz 100 MHz

— Writes them to the external memory module data address valid data
= Test result:

Memory controller
— Checked data from ~ 1 x 1010 bunches
A
. , 64 bit
Nogrrerg data 1 400 MHz (800 MbJs)

DDR3 memory module
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Summary of the Verification tests

* Functional simulation: No errors in 185 thousand test patterns
" |[n-system verification: No errors in 1.4 billion test patterns

= Verification using the test system: No errors in 1 x 1010 test patterns

MUCTPI topological information can be

transmitted and received reliably
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Integration Tests
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Integration tests

» |ntegration tests of MUCTPI with MuCTPiToTopo interface and L1Topo processor
— Goal: Verify the interface between the systems.

» Received data by MuCTPIToTopo and L1Topo were written to on-chip memories,
from where they were read out for verification

» Test MUCTPI/ MuCTPiToTopo » 2.6 M bunches in an overnight test.

= | 1Topo was included » 258 k bunches in a second overnight test

No errors were seen in the
data transfer between

MUCTPI, MuCTPiToTopo
and L1Topo
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MUCTPI hardware tests in USA15

* The MUCTPI system installed in USA15 was tested using
error rate test system |

— sector data input from the trigger sector logic -.‘ |

— trigger output cables connected to the error rate test system

Match and Mismatch histogram

Transition-free
region
corresponds
to 75% of the
bit period
window, as in
the lab

=" = BT R SR P N = ]

Channels

01 234567 8 9101112131415161718192021 222324252627 282930313233343536373839
Taps

Different phase offset due to the different timing of the system in USA15
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Conclusions
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Conclusions

* Feasibility test demonstrated that the MUCTPI can reliably transmit data to L1Topo
using the electrical trigger outputs operating at a bit rate of 320 Mbps

* The BER is estimated to be lower than 1 x 10-15 (24 h) with confidence level of
98.80 %

* MUCTPI firmware was modified to send muon topological information to L1Topo
* Upgraded MUCTPI was checked by:

— Computer simulation

— In-system verification

— Verification using the upgraded error rate test system

Serialization and transmission of topological information were also checked

* No errors were seen in the interface between MUCTPI, MuCTPiToTopo, and
L1Topo in the integration test
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Conclusions

* Test of the electrical trigger outputs of the MUCTPI system in USA15 was performed
using the test system. Same timing margin as in the system in the laboratory

= System installed is ready for commissioning tests

* Next steps:

— Commissioning of the system in USA15 with L1Topo
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BACKUP
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Muon trigger detectors segmentation for the MUCTPI

= The muon trigger system is segmented in two halves

» Each half is segmented in octants

= Fach octant contains thirteen sectors

— Four sectors from the barrel region

— Six sectors from the end-cap
region

— Three sectors from the

forward region
y

" The MUCTPI generates ,
the total multiplicity combining
the results from the 16 octants
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DDR input

» The programmable delay lines offer a maximum delay of 2.5 ns using selectable
taps at intervals A, = 78.125ps

= However, the bit period is 3.125 ns in 320 Mbps
= Therefore oversampling the input data is necessary

= |[nternal serialization and deserialization
blocks are used to sample the

data at four different positions ooy > _— ol o a9 S sampis
using four orthogonal clocks REG REG REG
(90° phase-shifted) o Lo g i

Q2
D Q b olM—T—0bp a > Sample 3

REG REG REG
> CLK et PNt > LK p—1> CLK

= Now the delay required is given by: o [>—

— o

— Fclk represents the receiver clock
frequency used to sample the data

1o al—PT—1PTHo oo a L [ > Sample?2
REG REG REG
OCLK D——E;)CLK - CLK —> CLK
N—
ﬁ . ]‘ oeua [ B— L 4o af—P—p al—1Pp a a4 > Sample 4
r 4 F ) REG REG REG
clk > CLK > CLK L cLK
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DDR input

input signal X Bito WX Bit1 M¥ Btz KX Bits X
< < >

bit period (Ap;t) two-bit period window (2Ap;;)
A, = 781.25 ps
<>
320 MHz —>» B > — > — >
0° 180° 270°
Q1 Q2 Q4 A, = 1.5625 ns
<+—>
160 MHz —> 2 P > P >
0° 180° 270°
Q1 Q2 Q4 A, = 3.125 ns
<« '
80 MHz > > >
0° 180° 270°
Q1 Q2 Q4

* Oversampling allows the receiver to run at 320 MHz or 160 MHz
* 160 MHz is selected because it simplifies the timing of the system

* The tap selection has to be limited in order to avoid overlap between the four
segments of the sampling window
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DDR input

& 1.5625 ns L} 2.
A; 78125 ps

z
N trnaxr —

Sampling with the 0° clock

4.6875ns 270°
(Q4)
Sampling with the 180° clock
and the tap number 17

180° (Q2)
3.125 ns
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DDR input

RN, Q2 .- :"614 Q1\\ \ Q2 o
input signal % Bit 0 W Bit: 1 W Bqt 2 W Bit 3 >>§<<
b1t penod (Abzt) N two bit period w111dow (2Abzt)
master :
slave
E (:) time E
match | | |
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DDR input

* Measurement is divided into steps
= Each step monitors two match ports simultaneously

" The steps are grouped in two stages
— First 20 steps Q1 and Q2 are monitored, then Q3 and Q4.

Stage | Stage li
Steps from 0 to 19 Steps from 20 to 39

Positions from 0 to 19 and 40 to 59 o Positions from 20 to 39 and 60 to 79
Q1 Q2 Ny Q4
\ / /
) X X XK I .
E taps 012 19 012 19 E E taps 012 19 |

The first and third quarters of the sampling The second and fourth quarters of the

window are checked . sampling window are checked
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PRBS evaluation

Transition detection circuit

phase selection

Q1_match—> D_i
Q2_match—» match
Q3_match —» :)_ $ D Q status
Q4 match—» clockp

). 4 .

_o_\

ena_eval —» J
rst_ eval —»

The status is generated by latching the
match signal low In a register
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PRBS receiver

= Compares the input data to an internally generated pseudo-random

sequence

A

]

sequence in»

switch control

]l

01

02

— |

Vo

27

M=)

29

M=)

30

M=)

31

D Q
28

— |

— |

»| error

* B: Register are loaded with the input data

— Loading the 31 registers takes less than 100 ns

" A: Feedback path is connected

— Generates a free running sequence synchronized with the input

pattern
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Software FSM

Selects the DDR pair,
Q1, Q2 or Q3, Q4,
associated to the position of the
bit period window being checked

Produces complete
report

Loads the final
results from the
hardware

Selects the desired delay tap
associated to the position of the
bit period window being checked

Stops evaluation

Loads intermediate
results from the hardware
and produces a report

Did it reach the
targeted number
of events?

Initialization of the
test system registers

wait before loading
intermediate results
from the hardware

Synchronization of the
internal PRES generatars

Starts evaluation
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Sorter unit

* The second highest-pT candidate is found inverting the comparison results

involving the highest-pT candidate in a second matrix

= Example: the element a is the highest candidate

b C d e
( "N
all pra = P Pra = Pre | Pra = PTd | PTa = PTe
bl| (pra = pr) | Pre = Pre Pre = Prd | PTb = Pre
(pra = pre) | (P16 = P1e) | Pre = Prd | Pre = Pre
d \(p*ra = }’JTE/{ (prb = pra) | (Pre = Pra) | Prd = Pre

\
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Transverse momentum encoding

» Two bits are used to encode the First candidate Second candidate
pT threshold, three of fpgr coc!es 00 - P,
are used to map the original six
pT thresholds onto three 01 Py, Py,
programmable pT threshold 10 PTurs Pry,,
values :
11 not. used more than two candidates
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VHDL functional simulation Iioﬂa \ ‘f\
v gs Sector data

* The VHDL functional simulation test bench
consists of: s
_ Overlap
— A VHDL behavioural reference model Handling
. J
. i 1 =
A VHDL code of the firmware 4 = =/ — i
" The results of the firmware simulation < | candidate Candidate
are compared to the reference response é L Heite ) 4 Malo . §
= S
[} —
* The veto flags and the four stages of the A | ST
. 2 o o
topological encoding units are checked % Sorter Sitor 2
individually 5 - ) S . > ;
= The VHDL firmware code was S .
verified by functional simulation £ | Encoder Encoder
using sector data information from 2 X / AN ~ J
. (0] —
approximately 185 k bunches iy e S N B Ny
. (a1]
without errors. Serializer Serializer
o J \ J
=)

8 External files generated by software
D Behavioural VHDL reference model
Comparison results
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