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• LHC加速器 
• 重心系13TeVで順調に稼働中 

(Run-2) 
• 瞬間ルミノシティ~1034 /cm2/s 
• 積分ルミノシティ~30/fb (’16) 
• バンチ間隔 25ns 
• Run-3 (-’23)までに300/fbため
る計画 

• ATLAS実験 
• CMSとともに、汎用検出器を
用いた新粒子探索、標準模型
の精密測定が目的 
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LHC-ATLAS実験

ジュネーブ市街
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• 内部飛跡検出器最内層に位置する  
2次元シリコン検出器 

• 現行4層 (3層+IBL) ~80M channels 
• ピクセルサイズ: 50x400 µm2 (3層), 50x250 µm2 (IBL) 
• 速いread-out : 160 Mbpsに対応 (IBL)
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ATLASピクセル検出器 
TRT
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ATLAS検出器

ATLAS内部飛跡検出器
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• HL-LHC計画での要求性能 
• Pixel hit rate ~3 GHz/cm2 
• Small pixels : 50×50 µm2 
• Large chips : ~2×2 cm2 
• Trigger rate : 1 MHz (w/ 12.8 µs trig latency) 
• Low mass, low power 
• Low threshold : 600—1000e 
• Radiation : ~1016 neq/cm2
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ATLASピクセル検出器アップグレード 

これらを満たす新ASIC開発 
 → RD53 project



14 October 2016Ryo Nagai (Ochanomizu Univ.) 計測システム研究会2016@J-PARC

• HL-LHC (ATLAS, CMS) / CLIC 共通で使えるASIC開発が進行中 
• Multi-Gbps / chip の高レート読み出し 
→全体でピクセル ~600M ch. の読み出し (現行 ~80M ch.)
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ピクセル検出器用新型ASIC (RD53)

FE-I3 FE-I4 RD53A

Pixel Size 50×400 µm2 50×250 µm2 50×50 µm2 
(25×100 µm2 ?)

Pixel Array 18×160 80×336 400x192

Chip Size 7.6x10.8 mm2 20.2x19.0 mm2 20x11.8 mm2

Input Rate 40 Mbps 40 Mbps 160 Mbps

Output Rate 40 Mbps 160 Mbps ~5 Gbps  
~2.5 Gbps (×2)

Trigger Rate 100 kHz 200 kHz 1 MHz (L0)

CMOS process 250 nm 130 nm 65 nm

現行ASIC 新型ASIC
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• RD53 Collaboration  
• 高レート、極小ピクセルサイズ、が開発の鍵。 
• 19の欧米研究機関が参加 (日本は参加していない) 

• Bari, Bergamo-Pavia, Bonn, CERN, CPPM, Fermilab, LBNL, LPNHE Paris, Milano, NIKHEF, 
New Mexico, Padova, Perugia, Pisa, Prague IP/FNSPE-CTU, RAL, Seville, Torino, UC Santa 
Cruz. 

• プロジェクト予定 
• 2015–2016: Small chip demonstration (複数の視点で。現在進行中) 
• 2017–: Full size chip demonstration : RD53A (submission: March 2017) 
• 2018–?: RD53Aを基にATLASにoptimiseされたRD53 (RD53B-ATLAS(仮))の開発 

• 開発はRD53 Collaborationを離れて、ATLAS Groupとして行う 

• RD53Aができてきたときには、それを試験するための高レート試験シ
ステムが必要になってくる 
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ピクセル検出器用新型ASIC (RD53)
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• 主に2つのsmall size demonstratorにより試験が行なわれている 
• FE65-P2 (LBNL+Bonn) : received—Dec.2015 

• no IP-block from RD53A, no fast I/O  
• 極小ピクセルサイズ (50x50 µm2) 

• CHIPIX65 (INFN) : submitted—Jul.2016 
• IP-block from RD53A  
• 極小ピクセルサイズ (50x50 µm2)
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RD53 Readout Demonstration

L. Demaria            Recent Progress  of RD53 on HL_LHC Pixel-ROC        PIXEL 2016 Workshop - Sestri Levante

They are a full exercise of chip integration and constitute a trial version before moving 
to the full size prototype. Both (2x2) analog Islands on digital

•  FE65P2 (LBNL + Bonn)
•  digital architecture for pixel region (evolution of FEI4)  4b-ToT
•  single Analog VFE :   LBNL version

•  CHIPIX65_demo (INFN)
• new architecture for pixel region (larger sharing of latency buffer)
• Proving Multiple Analog VFE :  Torino,  Pavia versions 
• IP-block from RD53
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Small demonstrators

L. Demaria et al, presentation at PIXEL2016 
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• 65 nm, 50x50 µm2 
pixel 

• 64x64のsmall chip 
• FE-I4の技術を用いたRD53 demonstrator 
• SLACでn-in-pセンサーとbump-bondして
読み出し試験 

• HPKセンサー付モジュールもできている
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FE65-P2

L. Demaria            Recent Progress  of RD53 on HL_LHC Pixel-ROC        PIXEL 2016 Workshop - Sestri Levante

FE65P2 demonstrator
Institutes: LBNL, Bonn
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Timon Heim 2 ITK Week

FE65-P2 Recap
Specifications:
• TSMC 65 nm design
• 64x64 pixel matrix with 50x50 µm bump 

pattern
• Designed as “analog islands in digital sea”
• Stable threshold <500e and in-time threshold 

<1000e, while consuming <4µA/pixel (analog) 
(exceeding RD53A spec)

• Large chip considerations taken into account, 
e.g. power distribution

• Used to qualify newly developed analog FE
• 8 different version of analog FE

4.
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• Hamamatsu planar sensors from KEK
• Thanks to SLAC for manual single chip bump 

bonding
• First batch had shorts between sensor and chip side 

pads
• Second batch had couple of successful modules

• One working 300um n-in-p at LBNL
• Tow working 150um n-in-p with KEK at CERN
• More modules to be produced in the coming 

week
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Measurements:
• Sensor important to qualify analog FE with correct 

sensor capacitance on the whole pixel array
• Can perform absolute charge calibration to verify 

injection capacitance and threshold
• Default tuning to 800e w/o problems (have not 

tried to go lower yet, but should be possible w/o 
problems)

• Noise with sensor increases only very slightly
• As expected most sensitive to inter-pixel 

capacitance, as we achieve nominal noise already at 
-10V bias
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今のところ結果は良好

日本グループによる 
評価が行われている

~30eの低ノイズ!
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• FE65-P2よりも少しRD53A寄りの
small size demonstrator 

• 64x64, 50x50 μm2 pixel  
(small chip) 

• Multiple Analog VFE  
• 5-bit ToT   
• In-time threshold< 1200 e-  
• Noise ~100 e- @ 50 fF input 

capacitance  
• RD53 IPs  

• submitted on July 2016 
→試験はこれから 
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CHIPIX65

L. Demaria            Recent Progress  of RD53 on HL_LHC Pixel-ROC        PIXEL 2016 Workshop - Sestri Levante

CHIPIX65 demonstrator

13

64x64 pixel matrix -  50x50 um2  

HL_HLC flux rates:  3 GHz/cm2 
Trigger latency : 12,5 us 
Low power consumption   
5-bit ToT signal digitisation 
In-time threshold  <1200 e- 
Noise ~100e- @50fF input capacitance  

VFE & IP-block developed in RD53 

~3M of digital standard cells

INFN institutes: To, Ba, Le, Mi, Pd, Pg, Pi, Pv3,46 mm

5,
15

 m
m

submitted on 

5-July-2016

(2x2) Analog Islands 
on (4x4) pixel region digital architecture

CHIPIX65:  2013 CALL project INFN  - CSN5 
Web-site:  http://chipix65.to.infn.it  

L. Demaria            Recent Progress  of RD53 on HL_LHC Pixel-ROC        PIXEL 2016 Workshop - Sestri Levante

CHIPIX65 demonstrator
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• FE-I4と異なり高速転送下での試験システムは今のところ無い 

• 各国で上記ベースの開発が進んでいるが、日本グループとして 
FE-I4用に開発したSEABASシステムはRD53用には使えなくなる
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ピクセル検出器試験システム開発 
Comparison of the hardware specs.

• s

34

Size[mm2] FPGA CPU Memory #FEI4 MGT

RCE 280x332 Artix7, 
Zync ◯ ◯ 8 (18?) ◯

ROD/
BOC 170x210 Spartan6,


Virtex5 ◯ ◯ 16 ◯

USBpix 110x150 Kintex7 × ◯ 8 ◯

YARR 100x170 Spartan6 × ◯ 4 ◯

SEABAS 170x210 Virtex5 × × 4 ×
Minoru Hirose

表：FE-I4用試験システム
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• SLAC中心に開発が進んでいる 
• GBT(GigaBit Transceiver) chipを用いた試験 

• CERNで開発されたMulti-Gbps出力のASIC  
https://cds.cern.ch/record/1091474/ 

• 複数のFE chipの信号を統合してMulti-Gbpsで出力
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高速読み出し用RCE開発の現状

address to the user data allows the construction of simple 
routing devices on the receiving boards in the experiment 
counting room and supports easily the utilization of high level 
software now widely in use in computers and industrial 
control systems. For instance, event building at the counting 
room level can be achieved by addressing all pieces of data of 
one event to a same destination, thus greatly simplifying the 
job of constructing the back-end of the data acquisition 
system. 

 
Figure 3: General Front End link topology 

In turn, control of front end modules will be possible by 
generating Ethernet formatted packets for specific Ethernet 
addresses, each of the front-end modules being assigned such 
a unique address. 

An e-link compatible macro block (called E-link Port 
Adapter (EPA)) will be made available to ASIC designers in 
the form of synthesizable HDL code by the GBT project to be 
integrated in the back-end of their front-end chips. Protocol 
construction and compliance, line coding and synchronization 
will be taken care by this macro which is intended to interface 
to users through a very simple FIFO-like interface. This 
macro will also provide a method for dispatching the 
information coming from the counting room to a standard set 
of user registers defined in the e-link port adapter. 

2) Slow control channel 
A pair of E-links will be reserved to implement a slow 

control channel with a total available bandwidth of 160 Mb/s. 
The GBT13 itself will not act as a slow control management 
unit but reserves a fraction of the slow control bandwidth to 
implement functions that have to do with the management of 
the GBT link it self. All the other slow control functions will 
be done by a dedicated ASIC called the GBT – Slow Control 
ASIC (GBT – SCA) (see Figure 3). This chip will interpret 
the Ethernet frames carried by the SC field of the GBT link 
and will serve as node controller routing them to the 
appropriate channels waiting for actions and feeding back to 
the counting room the requested responses. 

III. THE GBT CHIPSET 
The block diagram of the GBT chipset (which is shown in 

Figure 4) is composed of the following parts: The GBTIA 
whose function is to convert the weak photocurrent generated 

by the photodiode into a digital differential voltage capable of 
driving the Clock and Data Recovery (CDR) circuit of the 
GBT13. The GBLD which uses the serial data produced by 
the GBT Serializer (SER) to modulate the laser diode optical 
power. The GBT13, which acts as a receiver and transmitter 
for the optical link, as a communications controller for the e-
links and as a TTC receiver. 

 
Figure 4: CBT chip set block diagram 

The optical link receiver section of the GBT contains the 
CDR circuit, the De-Serializer (DES) and a decoder (DEC). 
The CDR circuit recovers the serial clock (4.8 GHz) from the 
incoming data while the DES circuit converts the 120-bit 
serial frame into a parallel word. The decoder detects and 
corrects any errors (which are within the error correction 
capabilities of the code) that have been introduced during the 
transmission. After error detection and correction the decoder 
de-scrambles the data which is then feed to the “Ports” the 
“TTC functions” or the “GBT controller”. On the optical link 
transmitter side data is scrambled encoded and serialized. The 
GBT13 contains as well a clock generator that can be used as 
a clock source for “standalone” operation or as a phase noise 
reduction circuit for an external reference clock. 

A. Forward error correction 
The high radiations levels expected for SLHC will result 

in relatively high rates of SEUs for the embedded electronics. 
A typical approach to overcome this problem is to use triple-
modular redundancy [6] or Hamming encoding [7] to obtain 
some error correction capability. In addition to errors in the 
internal ASIC logic, particles can further generate spurious 
events in the photodiodes, thus simulating the arrival of a data 
bit, and therefore generating data and phase errors in the 
receiver. The use of triple-redundancy techniques would 
impose a speed penalty on the serializer-deserializer 
(SERDES) circuit preventing the implementation of logic 
operating at 4.8 Gb/s. The approach adopted was thus to not 
apply any redundancy techniques on the data path between the 
input of the serializer and the output of the de-serializer but 
instead to transmit the data with a Forward Error Correction 
code (FEC) generated at the input of the former block and 
verified at the output of the latter. Any transmission errors 
occurring on the SER, GBLD, PIN-diode, GBTIA, CDR and 
DES will be corrected at the receiver during the decoding 
operation. The code to be used has however, to provide a high 
level of protection, since errors occurring during transmission 
tend to occur as burst errors [8, 9] and not as isolated events. 
Because of this, a double interleaved Reed-Solomon two-
errors correcting code was chosen. The code is built by 
interleaving two Reed-Solomon [10] encoded words with 4-
bit symbols width, each capable of correcting a double 
symbol error. This in practice means that a sequence of up to 
16 consecutive wrong bits can be corrected. This correction 
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• SLACでの試験内容 
• FE-I4の4 chip boardからGBTテ
ストボードに転送 

• GBTからの~Gbpsの信号を
RCE+HSIO-2のGTXで読む 

• 現在試験に向けて準備中 
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Setup : RCE+HSIO-2 w/ GBTSetup

Martin Kocian (SLAC) RCE with GBT 14 September 2016 3 / 11
Martin Kocian
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• ATLAS日本シリコングループはHL-LHCアップグレード用のピク
セル検出器の製造を担当 
• センサー開発 : 日本グループがこれまでに大きく貢献してきた分野 
• モジュール開発 : 今後参入していくべきところ (Stripでの経験を生かす) 
• モジュール試験 : 試験システムが必要 (SEABASはもう使えない)  

• (他機関が開発する予定のものに相乗りしてもいいが…)  
既に確立しているFE-I4の読み出しも生かし、高速読み出しの経
験を積みたい 

13

日本グループで行う目的 

これらの経験は、今後のモジュール試験の時に役立つ
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日本グループの進捗
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• Xilinx製評価ボード KC705, VC707 
• 7 series のFPGA (Kintex-7, Virtex-7)が 
搭載された評価用ボード 

• GTX Transceiver 
• Multi-Gigabits の送受信が可能 
• FMC-HPC(x2)に16組利用可能 (VC707) 

• PCとの通信 : SiTCP  
• ~1Gbpsまでの通信に対応 

• 将来的には、VC707を主体として、
KC705に開発中のRD53エミュレータ
を搭載し、2つをFMCで接続する
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試験用基板 (評価ボード)

Xilinx VC707 Board 

Xilinx KC705 Board 

KC705 (Kintex-7)

VC707 (Virtex-7)
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• GTX 5 Gbpsの伝送 
• GTX送受信 CLK : 156.25 MHz 
• FIFO1/2でbit幅, CLKを変更 

• RX側 (1): 8 bit (200 MHz) → 32 bit 
• TX側 (2): 32 bit → 8 bit (200 MHz)
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現行デザイン 

PC

KC705

VC707

GTX Transceiver 

GTX Transceiver 

SiTCP

KC705

VC707

To PC  

SMAケーブル 
LVDS x2

fifo_1

fifo_2

GTX分の遅延

Ethernet

5Gbps転送
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• 単純かつ標準のGTX送受信テスト 
• コア内部は非公開  

(細かい設定はできない) 

• 2つの評価ボード間で5 Gbps 
正常に送受信できているかを検証  

• 両方にIBERTコアを入れてテスト
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Xilinx IBERTを使った試験

KC705

VC707

GTX Transceiver 

GTX Transceiver 

SMAケーブル 
LVDS x2

5Gbps転送

KC705

VC707
この2つをSMAで接続

これを自分で制御できるようにしたい
5 Gbps出ている Error Rate < 10–16
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• GTX Transceiverが正常動作するかを試す 

• KC705単体で、SMA-GTXをループバック  
→ 信号が戻ってくるか? 
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KC705単体試験

PC

KC705
   GTX Transceiver 

SiTCP
fifo_1

fifo_2

Ethernet

5Gbps転送

SMAケーブル 
LVDS

ループバック

 ケーブルとGTXの起動分だけ  
 信号が遅れて正常受信

fifo_1側

fifo_2側260 ns

2台でも調査中　

start signal
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• 本格的にRD53の読み出しを行うために必要なプロセス  
• GTXの調整  
→ 100%読み出し  

• KC705⇔VC707入れ替え  
→ KC705にRD53エミュレータを載せたい (来年初頭から) 
→ ここでFirmware開発ができるか? 

• FE-I4の読み出しを今回のシステムで行う  
→ 本試験システムの有効性の確認 
→ このための中間ボードを設計中 (FMC-LPCを用いた回路)  

…今年中を目標 
• RD53Aチップができてきたら、読み出しの為の中間ボード等準備 

19

今後の予定 
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• LHC-ATLAS実験アップグレード計画に沿い、ATLASピクセル検
出器アップグレード用の高レート・微細ピクセル化した新型
ASIC開発が進められている 

• 各国でこの新型ASICに則した試験システムを開発中 

• 日本では今まで現行FE-I4用にSEABASシステムが存在したが、
新型ASICでは使えなくなることを受けて、新規に開発を始めた 

• 現状、評価ボードを用いてBERTを行っている段階で、これから
FE-I4用の中間基板を作る予定である 

• 新型ASICのプロトタイプが出来上がる2017夏(?)を目指して、 
新型ASIC用の中間ボードの開発とFirmware開発を進めていく

20

まとめ 


