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New Readout Chip Design for Phase | Upgrade

The CMS pixel detector is planned to be upgraded in 2016 LCDS bus 160 Mbit/s (82) LCDS bus 160 Mbit/s (B1) The new digital ROC readout is running at 160 Mb/s. Two
to a new one with a significantly reduced material budget. serial data streams are recombined in the dual TBM chip to
The new pixel system with more layers (4 for the barrel a single serial data stream at 320 Mb/s. Optimized drivers
pixel) has to operate through the existing services at double and receivers for LCDS (low current differential signal) are
the luminosity. Therefore a new readout scheme is designed for very low power consumption.

implemented with a new pixel read out chip (ROC). Dual TB M I Cl?/l?cprirt\%?stzggzi?flgglnrl:;?p;?ge

A description of the ASIC modifications of the digital readout TBM core B { It —|(0X1X1X1)|(1X1X1X1)|(1XHXHXH)|....h( XR)|(RXRXRXR)|(RXRXRXP)|(PXPXPXP)|(OXPXPXP)|—
interface of the ROC is presgnted as well as th_e r_esults _and > | Data uplinks 320 Mbit's ead ~OC foader R el & (row) 7 ise height

the performance of the physics based electronic simulations e e e e ey _ column # )
of a complete pixel module consisting of 16 pixel ROCs and TBM core A Link 2 only for innermost layer repeated for each pixel hit

a token bit manager chip. Proposed data format for the digital output of the ROC

The tokens sent by the TBM
cores manage the readout order.

The following new blocks for the ROC are needed:

Readout configurations: . . . .
1. (A2 after Al) and (B2 after B1) LCDS drivers and receivers (design tested at 320 Mb/s)

Requirements for Phase | Upgrade

R1 4 layers for the pixel barrel detector instead of 3 _ . to link 1 « PLL clock multiplier to provide higher clock frequencies for
. LCDS bus 160 Mbit/s (Al) LCDS bus 160 Mbit/s (A2) : : .
3 layers for the forward detector instead of 2 2. Aland A21o link 1 the serial data transfer (designed and tested)
B1 and B2 to link 2 i i ) )
R2 Reduction of material budget (Mechanical structure, * New control logic and readout buffer FIFO (dig. simulation)
cooling, Cabling) Data Buffers in Readout Chip (ROC) » 8 bit ADC to digitize the analog pulse height information
R3 Design for double the luminosity (2-10%* cm-=2s1) .
Insertion of a ROC global readout buffer (FIFO '
Pixel array with 52 columns and J ( ) Dual TOken Blt Manager (TBM)
80 rows arranged in groups of two 26 double columns (DCIs) 4
columns (26 d%uble 30|urgns) 1(2|3|4|5|6|7|8|9|10(11(12|13|14|15|16|17|18|19|20(21(22|23|24|25|26 For the upgrade the eXIStmg TBM has to be Changed' The
1 of 26 Double Column Interfaces _[0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0], o two TBM Core§ that manage t-h-e ROC readout have to be
_ 300um (DCI) (TTTITTITITITITITIITITITIITIIIIT | existing redesigned slightly (see *“Critical Trigger and Readout
A oo e ROC Timing”). The new data multiplexer refreshes the signals
y g control With the direct readout, from the ROCs, adds the TBM header and trailer to the data
he DCls with tri
i t th t :
g verified data have to || Stré@m and multiplexes two 160 Mb/s data streams together
2 ¢z = - wait for the external to 320 Mb/s by toggling bit by bit.
Schematic view of the present CMS Pixel detector g 2|2 3 . - token. During this time rokenal || Chammeta 0 oc
consisting of 3 barrel layers and 2 forward disks on = 8|5 S 1_ _1 this DCIs are blocked e
each side. For the phase | detector upgrade, 4 barrel ) =) recer  Tom oem ot o, for new pixel hits. ! ] 40 MHz
layers and 3 forward disks on each side are intended. 2 E TBM A
o
oﬂo 26 double columns (DCIs) 20 Mbttls up Ik
nC = . pn . 0 160 MHz OO
leltatlons & MOdlflcatlonS o ch__) ' 112|3|4|5|6|7|8|9|10(11|12|13(|14|15|16|17|18|19|20(21|22|23|24|25|26 S
_ - ESelE New ROC . 0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0], pair cable
1. R3 — L1 trigger latency buffer overflows cause resets in S 2ol (present ROC) (T T T T TITITTIITIIITIITIIITIIIIT | new
. . RN I
double columns (dominating data loss) S8 Jud | Seol endart]= ROC
— Increase number of data buffers in double WRITE " f a trigger arrives, o0 Mo e
columns Control Interface Block (CIB) START <« FULL readout | . ey buffers can Block diagram of the dual TBM for detector layer 2,3 and 4
Containing the readout logic, DAC's, READ buffer : fi i ith data link
_ ) . be copied to the configuration with one data lin
_ _ Layout of the readout chip (ROC). I2C interface, voltage regulators, ROC readout EMPTY or LAST (FIFO) FIFO  immediately
2. R3 — Readout rglated dead-time at higher data volumes reference and pads. SR o5 ™ and have not to wait P PLL to generate
(blocked buffers in double columns) _ 1— _1 for the external =i j | _mm the320and 160
— Additional readout buffer stage In the double column interface (DCI) more buffer cells have to be TRIGGER  TOKEN N TOKEN OUT oata  tOKeN. E MHz clock
_ _ added. The bigger size can pa_rtlz_allly be comp.ensated by smaller 5! | Existing analog switch
3. R1 — Higher module count with more layers and the memory cells. The readout logic in the CIB will be replaced by a At double the luminosity an additional readout buffer B _ replaced by digital
same number of fibers - | buffered, fully digital readout at 160 Mb/s. A PLL to provide the (FIFO) is needed to separate the double column L 5 Sty multiplexer
— Digital readout and data link with 320 MBIt/s 160 MHz clock and a 8 bit ADC has to be added. The new readout from the ROC readout. In this way, the B) ECEE— T
. e . - 1™ I TE [ Designed by Ed Bartz
4. R2 — Micro twisted pair cables for signals readout buffer will be added between the DCI and the CIB. There waiting time of the data in the double columns S e o | Rutgers Universiy
are no modifications needed in the pixel array. buffers can be reduced significantly. Existing layout with the modifications for the upgrade

Digital Simulation with Physics Data

Simulation Model

pxmod.v Timing di for detailed
Iming aiagram for aetailie
MOd u | e dual tbm.v TeSt B e n C h studies of critical situations
roc.v = clock generator.v
' - clk 40 MH ' clk 40 MHz :
P_hysllcts_ and delttecftor . . ROC 1 (Read out Chip) ' ’ Dual TBM (Token Bit Manager) ) Global clock and
Simulation results 1rom the . reset generator,
+ dcol_interface.v readout_dcol.v readout_buffer.v readout_roc.v <100 MHz tbm5_core.v k100 MHz 2 :
CMS software (PYTHIA + = = . = = _ tbm_datamux.v bunch crossing
GEANT) with different (O | Model of the 26 2ok read | st readout stage wite )l FIFO scalable in PR 2nd readout stage ‘ token in A Model of the existing ena_hdr_uri ) —KS20MHZ_| o unter |
L : — | double columns. , ack_res | If a trigger arrives L full simulation from empty | If the token arives TBM logic serd.v . reset . : '
luminosity and trigger rates | L= | oo/ 0 e the digital | o1 | reads the datafrom [ o1 | 2to 80 memory cells 01| datain FIFO are sent bus A header ————— ¢ FED_decoder.v timing diagram
as input for a digital logic : data[22:0], data[22.0] data[22:0]) it wrailer | 4 bit serializer
_ p _ _ g g CICJ signals from the oken | the 26 double columns y | to the 160 Mb/s bus ol 2 : ) Channel A FED S " I D t D d
simulation with Modelsim® S | events. ‘ and writes it to the mark flag ; ) to 160 Mbit/s erial Dala becoder
. . o ) 1 14 » ¢
under realistic condition. = 1oken ' FIFO. serial data bus >
R = % & —=% =% 160 Mbit/s . < FED_event
] - gl & iy a| ctr_decoder.v ’ =) =
- . — 3l o o o — A decoder.v
physics simulation N 2 Decoder for ctr_encoder.v r$élc_;': aE) FED_deser4.v _
PYTHIA, GEANT — CTR signal / N © 4 bit deserializer Header, trailer
- = signa CTRA Encoder for RES A Z \
or Q. ¢ — CTR signal = a ?| 1040 MHz — detector, Y Output data that can be
< ><I o T os 1 N m frame decoder || compared with the input events
» — ~ V'
, = ROC?2...8 o Goi GiE SRS [P et A serial data link A clk 40 MHz \
angomaaa 5 Rl G cowwe [Bteror ] [ enemeine T —
- = roc.v ' mux B clk 320 MHz T ' g Separator FED event output data
or © ROC 9 (Read out Chip) 2 - FED deserd decoder.v
e = dcol_interf dout_dcol dout_buff d clk 160 MHz Aol GErE A _deser4.v = _ : /.
o col_interface.v readout_dcol.v readout_buffer.v readout_roc.v — _core. 4 bit deserializer | [Header, trailer | A
NN G 2 | Model of the 26 2kread | ot readout stage M) FIFO scalable in — | ond readout stage |« fokenin B Model of the existing ena_hdr_tr ) dc_balance.v " to 40 MHz — detector, Each simulation block can write
- g double columns. ack_res | If a trigger arrives L full simulation from empty | If the token arives TBM logic header ser4.v low pass filter frame decoder error messages, critical
Handwritten stimulus to test | @ | Generates the digital | dataj22:0] | reads the data from | data[22:0) | 20 80 memory cells | yata22:0) | data in FIFO are sent bus B railef | 4 bit serializer y fo analyze dc ck40MHz | situations and statistical data to
the module under different o signals from the token | the 26 double columns K i ”| to the 160 Mb/s bus N o : > balance — .
< Jie U = events. ¢ and writes it to the TN ag__, ) ) to 160 Mbit/s the log file. Because the clock
c N i S S S 160 Mbit/s R Channel B this way the problem can easily
‘= 5 & 2 | ctr_decoder.v N ’ be found in the timing diagram.
9 sl - - Decoder for ctr_encoderv  |SALB
c CTR signal ~ 1=e8 CAL  ctr_decoder.v This is the complete digital simulation model of
e signa , CTR B Encoderfor | | RESB TRG = : . .
‘ Foroc] CTRsignal [ RES | Decoderfor | CTR the pixel readout logic for the phase | upgrade. errors, warnings,
10to 16 = CTR signal | < . . . statistics
ROC 10 ... 16 e e The whole logic is described in Verilog HDL and
simulated with ModelSim® (Mentor Graphics). log file
Pulse length coded calibrate, trigger and reset signal

Introduction Double Column Dead Time Readout Buffer Fill State FPGA Implementation of Simulation Model

The goal of the overall simulation is to test the new ROC It is planned to implement the Verilog model of the module
This plots shows the simulation e L1 trigger rate: 100 kHz
and TBM logic before doing the layout. This should be done o | [+ butfer size: 2 results of the double column . Luminosity: 2103 cm2sl in an FPGA. The physics data file interface is replaced by a
under realistic conditions to cover all possible critical ~=- buffer size: 40 N . ize: random pixel hit generator.
Lo . . . poOssIbe Critica . L waiting time in percent of the 8 10 Buffer size 40 words P J
situations. In particle physics experiments a digital circuit = o / ROCs in a token chain. Chip 1 e
should be able to cope with widely fluctuating data. To @ 5 ot : ' 0 LCDS
= e h d k £ FPGA (Altera Cyclone II)
. . . . = Qx/,/ receives the readout token = driver chip
setup such a simulation, an interface program library for the S, : = 1 overflows random . _ .
.. ) ) ) ) . < / fll’St_ > / | — pixel hit Verilog :>OOOO< optical () |receiver
digital simulator is written to access the physics data. In this S 8 | \ US5 | | generator | Model oo twisted L hbrid [opticar | (FED)
way, it is possible to simulate over millions of clock cycles. g * Simulation conditions: . pair cable e
2 . . - ' The Verilog model with a random pixel hit generator implemented in an FPGA. At
S' | t P f new ROC * Simulation over 500,000 clock the output a LCDS driver chip with the micro twisted pair cable, the optical link and
Imuiation Ferformance 1 .
: : : I —— cycles (bunch crossings) the FED.
« Overall simulation of a whole module with 16 read out 0 « L1 trigger rate: 100 kHz O T e e o a a L | |
chips (ROC) and a TBM L 2 3 4 5 & 7 8 II= 4 . Application of the FPGA pixel module:
P e Luminosity: 2-:1034 cm2s- o #words N . -
e Clock cycle by cycle exact simulation (40 MHz, 160 MHz ROC number Probability distribution of the amount of words in the readout buffer » Test of cables, optical link with realistic data
and 320 MHz) including serial data stream The red curve (read out buffer size 2) comes nearest to the * Test of FED decoding |
« Each block can send messages to a log file existing pixel chip without a readout buffer. The green curve * Development of new test board firmware
« Simulation speed: 70us (2800 bunch crossings) per 1s shows the improvement with a readout buffer of size 40. ., ¢ = Overflow | This tests do not need to wait for the complete chip and
module prototype.
" ) . ROC 1 bpnaa b o i vl R T W R
Critical Trigger to Readout Timing
ROC 2 Lo b o e ot A .. . s A
Between the trigger and the . B B » » )
token from the TBM, the first & cL4o D #;iiqmum -@ﬂ@ ROC 3 |, it Ailata b 1 P AR AT
ROC in the token chain has
only 8 clock cycles to ey U B e I - R0C 4 ol Mk o it il
process the first pixel hit -_:!‘ 3]
what is too short. In this time  # = 0 O = |
the analog pulse height has N q " L ROCS b L AL bk i et Ly M}L“M
to be converted in the ADC = O = _
o be somiered i the AnC | | = s 06 |l Ak b Lot Neitiona Ao il AR,
copied to the readout buffer. =+ @ @ ol © IS 5 ’lml ﬂ\h
Therefore, the TBM core has I‘I % ROC 7 Rl Lt | et b
to be modified slightly to B Y - Y I S
have an additonal - clock 2N Y | 1 I || coc: ot bt i\l A
cycle. 3 gl 2| = 8] B N o S S o e i N
s g ) $ T S s « Simulation over 4 ms or 160,000 clock cycles
Sh(l)srt Imlr;qu;zt?lLaem SO?WS 2 & - -  ——— Ijlaiafiwl ———— IDID:j ﬂr:” = — IUID:j e Simulation time: 60 s
simulation with the critical Now 300 ns 1000 nis 1100 nis 1200 ns 1300 ns 1400 nis 1500 nis 1600 ns ° Ll t”gger rate: 100 kHZ . . . o
situation. only 8 clock cycles from trigger e Luminositv: 2.10% cm-2 s-1 Module simulation board with FPGA, containing the module emulator and a CPU
to readout token y- (NIOS I1) with an USB interface to communicate with a PC. On the right side are the
o Buffer size: 40 words (events) LCDS driver chips and micro twisted pair cables to the optical link.
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