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1.微細化プロセスの課題と挑戦
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ムーアの法則とピクセルの今後

今後もCMOS技術の発展がピクセル検出器開発のカギ

着任後の抱負
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applications

New technology

コラボレーション

-基盤となるアナログIP・環境の整備 (ex. MEDIPIX@CERN)

-先端技術を用いたチップ・センサー開発→CMOS pixel

(複数プロセスex. DEPFET←MAPS)

-積極的なコラボレーション(ASICの応用範囲を広げる)

-

3μm CMOS, 103 pixels@OmegaD (1992)→130 nm CMOS, ~108 pixels@ATLAS (2015)

  

IC technology choice

2nd year seminarLuca Pacher 

   a commercial 65nm CMOS has been chosen by the HEP pixel community
     as the present favored fabrication technology for the Phase2 generation of pixel     
      ASICs 
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industry

-  present LHC experiments based on a commercial CMOS 250nm  

-  Phase1 LHC experiment upgrades will also exploit CMOS 130nm                          
   (e.g.  FE-I4 chip for the ATLAS IBL, GBT project)
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トランジスタ密度 CMOSプロセスの変遷

小プロセス→高密度集積回路→小ピクセル・多チャンネルなハイブリッドピクセル微細プロセス→高密度集積回路→小ピクセル・多チャンネルの
ハイブリッドピクセル(=先端プロセスを用いた開発)

トランジスタの微細化
Geronimo



ピクセルの要求性能

250 nm technology 
pixel size 400 × 50 µm2  

3.5 mil. transistors

130 nm technology 
pixel size 250 × 50 µm2 

80 mil. transistors

FE-I3
FE-I4 RD53A, B, C…

65 nm technology 
pixel size 50 × 50 µm2  
~ 500 mil. transistors

✓小ピクセル化(bump技術) 
✓放射線耐性(ELT not arrowed) 
✓低消費電力 
✓高速信号処理(データバンド幅) 
✓比較的大面積な検出領域

実験の要求性能

@ATLAS Si-pixel



課題①: 消費電力
超微細プロセスなら電源電圧が下がるので消費電力が容易に減らせる、、、

http://yamaken.tokyo/2019/03/17/post-121/

1.8 V@180 nm 
1.2 V@65 nm 
0.9 V@22 nm

1. tox~1.5-2 nm@65 nm
→ゲートリーク(tunneling)

350 pA@1x1 um2

この値は130 nmの10倍
2. 短チャンネル+低閾値電圧

→オフリーク
100 pA@480x60 nm2

消費電力に加算される

※ゲート長の微細化は閾値電圧のミスマッチなどにも影響を与える



プロセス的なアプローチ

複雑な設計とDRCルールとの格闘

kisisita@post.kek.jp 7

10/10/2017 SOITEC Confidential                                              FD-SOI technology22

FD-SOI Transistor Advantages

UTBB FDSOI Transistor Advantages

Total dielectric isolation • Lower S/D capacitances 
• Lower S/D leakage
• Latch-up immunity

Ultra thin Body • Excellent SCE (SS, DIBL)
• No History Effect

• Lower SER

No channel doping
• Improved VT variability
• Improved mismatch (SRAM & analog)
• Better analog gain
• Reduced process cost

Ultra thin BOX option • Enables Extended body biasing

Channel mobility boost • Scalable down to 10nm

Conventional planar 
processing

• Lower manufacturing risk
• Equivalent bulk design

UTBB: Ultra-Thin Body and  BOX 

Body BiasingCourtesy of  STM

Knobs to control Perf/Power:
! Gate bias
! Back Bias

バックゲート(BG)バイアス
Multi-VT Modulation for FDSOI with Back Bias

VT tuning with BOX = 10nm and VBB , GP

N and PMOS: VT modulation of  ≤200mV for 10nm BOX

No degradation of Ion-Ioff trade-off with back-bias up to +/-2V

10/10/2017 SOITEC Confidential                                              FD-SOI technology25

Leti- VLSI 2010 Q. Liu, ST, VLSI 2010

Multi-VT Modulation for FDSOI with Back Bias

VT tuning with BOX = 10nm and VBB , GP

N and PMOS: VT modulation of  ≤200mV for 10nm BOX

No degradation of Ion-Ioff trade-off with back-bias up to +/-2V

10/10/2017 SOITEC Confidential                                              FD-SOI technology25

Leti- VLSI 2010 Q. Liu, ST, VLSI 2010

Bich-Yen Nguyen

• 閾値電圧をダイレクトに変えることでオフリークを減らせる

• 閾値電圧のミスマッチなどもバックゲートで調整でき、積極的にパフォーマンスの向上に使用で
きる


• high-kゲート材料によるゲートリークの低減

• ELTなどのゲート構造



課題②: データバンド幅
超微細プロセスならトランジスタが高速になるからデータ量を増やせる、、、

~60 um

• ピクセルセンサーとの接合はバンプで良いが、基板との接続はワイヤーボン
ディングが必須


• チップサイズが小さくなっても、I/Oパッドのサイズは小さくならない

• 1対あたりのデータ速度も一気に何桁も良くなったりはしない



回路的なアプローチ
• Clock Data Recovery (信号をクロックに埋め込む)

• 双方向データ通信(TXとRXを一対のI/Oパッドで行う)

• 全部無線で飛ばす(I/Oパッド不要)

2021 JINST 16 T06002
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Figure 1. Block diagram of a two-chip system for simultaneous bidirectional signaling.

A new I/O circuit proposed here is constructed with a simple architecture based on current
subtraction circuit in the receiver, and conventional CML (Current Mode Logic) or LVDS (Low
Voltage Di�erential Signal) drivers as a transmitter. The circuit doubles the communication band-
width while maintaining the same number of I/O pins, by simultaneously sending and receiving
data over the same transmission line. Relatively simple architecture and reusability of conventional
drivers enable us to handle data bandwidth flexibly, depending on the applications. The test chip
described in this article implements the basic building blocks for the bidirectional data transmission.
However, it does not contain an on-chip PLL or CDR (Clock Data Recovery) circuit, and thus, the
phase matching or signal integrity is out of scope in this work.

2 Circuit properties

2.1 Bidirectional transmission scheme
The bidirectional signaling scheme is shown in figure 1. This technique treats the communication
paths between two chips as transmission lines, and exploits the superposition of waveforms on the
transmission lines. The I/O block in each chip includes a receiver circuit denoted as RX and two
distinct transmitters denoted as TX main and TX echo with a common data input. Di�erential
outputs of the TX main are connected with other chip’s TX main via twisted pair- or coaxial-cables.
The receiver placed on each end of the line has access to two waveforms: one is the superposed
waveform on the transmission line and the other is the sending data copied by the TX echo. One
should note that the TX echo output would be terminated on-chip, not to increase the pad count,
however, it was routed to pads for more convenient testing in this work. These voltage waveforms
are first converted to current signals, and then, subtracted each other in the current subtraction
circuit of the RX, followed by a current discriminator, denoted as Disc. in figure 1, to produce
the received data. In order to increase the noise immunity and signal swings, a di�erential circuit
topology of the CML (Current Mode Logic) is employed in this work, however this can be replaced
with a LVDS (low-voltage di�erential signals) driver, depending on the signal bandwidth. In the
current-mode scheme, since the amount of supply current is nearly constant with time, the switching
noise such as ground bouncing is much smaller than in the voltage-mode bu�ers [6]. By virtue of the
di�erential circuit topology, the noise components on the superimposed signal, i.e., power supply
noise, transmitter and receiver o�sets, reflections, and crosstalk, are e�ciently rejected in the RX.

– 2 –
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DIN_A

DIN_B

DOUT_A

DOUT_B

Figure 5. Input and output waveforms in units of 100 ns and 1 V.

Figure 6. Eye-diagram and bathtub curve with injection of 80 Mbps PRBS on both channels.

performance was limited due to the lack of digital I/O bu�ers, the working principle has been
demonstrated in the preliminary laboratory testing.
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80 MHzの両方向PRBSのEyeダイヤグラム
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課題③: 検出面積
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ATLASシリコンピクセル検出器
Siセンサー

ハイブリッドプロセス

✓50 × 400 um2, 250 um thickness 
✓n+ pixel on n- material 
✓rad-hard (1015neq, 80 Mrad) 
✓p- after irrad. (can be operated 

partially depleted)

✓PbSn or In bumping (wafer scale) 
✓IC wafers thinned after bumping 

to ~180 um

Norbert Wermes, Bonn University 9IfH Desy-Zeuthen 26.03.2003

Hybrid Pixels / HEP / technical issues / hybridization

Indium Solder (PbSn)

bumping & flip chip of thinned bumped (!) chips (~ 180µ m, 8“ wafers) ➼➼➼➼

• „lift off“ + thermo compression 
• bumps „soft“ + „thin“ (~6 µ m)
- module handling more „touchy“
+ can be done „in-house“

50 µ m

50 µ m

• electroplating + reflow
• automated wafer scale process @ vendor
• bumps strong and „larger“ (~25 µ m)
• reliable if process steps well controlled

ATLAS / CMS / ALICE ATLAS / ALICE 

photo AMS, Rome photo IZM, Berlin

7

ATLASシリコンピクセル検出器

04. Aug. 2015, J-PARCkisisita@physik.uni-bonn.de 3820-21 Nov. 2014, 計測システム研究会@J-PARCT. Kishishita

ATLASフロントエンドASIC: FE-I3

11
mm

7.4 mm

✓ピクセルサイズ: 50×400 μm2 
✓18 column × 160 rows = 2880 cells 
✓各ピクセルにCSA, zero-suppression 
✓低消費電力: ~50 μW/pix 
✓低雑音: ~250 e- 
✓閾値のばらつき: ~70e- (after tuning)

✓40 MHz clockでタイムスタンプ 
✓データバッファリング(2.5 μs trigger latency) 
✓ヒットセレクション

✓0.25 μm CMOSプロセス 
✓80 Mrad, 1015 neq/cm2

End of columnロジック

Pixel cell

複数のプロセスで試作(DMILL, BiCMOS)

8

ATLASフロントエンドASIC: FE-I3ATLAS FE-I3 (0.25 um CMOSプロセス, 
50x400um2, 2880 pixels)

• 大きなチップは歩留まりが下がるので小さなチップを多数センサーと接続する
以外ない

Wermes



実装技術的なアプローチ

!10

Siインターポーザの研究戦略

3D-IC technology for future detectors, FNAL, 02/17/2009

3D3D--IC roadmapIC roadmap3D3D IC roadmapIC roadmap

27
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写真　3.8×3.4 cm

青柳 昌宏
あおやぎ まさひろ（右）

エレクトロニクス研究部門
主幹研究員
（兼）高密度SI グループ長
（つくばセンター）

これからの高度情報ネット
ワーク社会の実現には、携帯
情報端末などの電子情報機器
の高性能化が不可欠です。そ
のため、電子機器全体の処理
性能を、トランジスタの微細
化によらないで向上させる三
次元 LSI 集積実装技術が注目
を集めており、この実用化を
目指して、さまざまな研究課
題に取り組んでいます。

菊地 克弥
きくち かつや（左）

エレクトロニクス研究部門
高密度SI グループ
研究員（つくばセンター）

産総研に入所以来、LSI デバ
イスを三次元に実装して、電
子機器システムの高性能化を
目指す三次元 LSI 集積実装技
術の研究開発に従事してきま
した。特にインターポーザー
を含めたシステム全体の電気
特性向上に向けた研究開発を
進めており、現在は電源ノイ
ズ低減による超高速信号の伝
送信頼性向上に関する研究課
題に取り組んでいます。

超広帯域・超低インピーダンス電源回路評価技術
消費電力が極めて少ない電子回路の電源回路設計・評価が可能

関連情報：
● 共同研究機関
技術研究組合 超先端電子技
術開発機構、学校法人 明星
学苑 明星大学、学校法人 
芝浦工業大学

● プレス発表
2010年 5月25日「超広
帯域・超低インピーダンス
電子回路の評価技術を確立」

電子情報機器の低消費電力化
　情報ネットワーク社会の実現には携帯情報端
末などの電子情報機器の高性能化が不可欠で
す。しかし、機器に使用されるシリコン半導体
LSIデバイスやその周辺回路の性能は、動画コ
ンテンツの普及による情報処理量増大の要求に
十分に応えることが困難となってきています。
このような観点から、低コストで高性能化を実
現できる三次元LSI積層集積化技術が注目を集
めています。
　また、電子情報機器による消費電力量が急速
に増大して、無視できない状況となりつつあ
り、消費電力を低く抑えながら高性能を達成で
きる電子回路システムの実現が強く望まれてい
ます。

開発した評価システム
　超低消費電力で高性能な電子回路システムを
実現するためには、電源電圧をさらに低くする
必要があります。しかし、電源電圧が低くなる
と、三次元集積LSIシステムのように、膨大な
数のトランジスタが高速かつ同時にスイッチン
グすると瞬間的な電源電圧の低下が起こるた
め、トランジスタ動作に必要な電源電圧値から
の揺らぎが大きくなります。これが電源ネット
ワーク上の高周波電源ノイズとなり、信号線に
この電源ノイズが回り込んで信号伝送特性の劣
化が生じます。
　これに対して、電源ネットワークにキャパシ
ターを内蔵し、電源インピーダンスを低減する
ことで、電源ノイズを抑制する方法などの対策

技術が求められています。これまで、キャパシ
ターの容量値や端子配置が電源ネットワークの
インピーダンス特性に与える影響については、
経験的な知見および電磁界シミュレーションに
よりインピーダンス特性を求め、電源電圧の揺
らぎ量や信号伝送の劣化量を予測して、それら
の実測値との比較によりデカップリング・キャ
パシターの効果を評価してきました。
　この研究では、2ポート測定法という同じイ
ンピーダンス測定法で、2種類のインピーダン
ス解析装置を用いた評価システムを開発しまし
た。この評価システムは、これまでの測定装置
では実現できなかった、10 Hzから40 GHzに
至る超広周波数帯域でシームレスな測定ができ
ます。さらに、評価システムの動作ノイズを極
力抑制することで、測定可能なインピーダンス
下限値も現在の最高性能を達成しています。こ
れによって、図のように共同研究先と試作した
薄膜キャパシター内蔵インターポーザーのよう
な、高性能インターポーザーの高精度な電源イ
ンピーダンス評価が可能となりました。

今後の展開
　今回開発したインピーダンス評価システム
は、電子回路内の電源ネットワークのインピー
ダンス評価技術として幅広く適用できるので、
さまざまな高性能電子回路についての電源ネッ
トワーク評価ができます。このシステムを活用
し、民間企業、大学などと連携することで、低
消費電力かつ高性能な電子回路を実現するた
め、実用レベルの応用技術開発を推し進めます。

（左）三次元 LSI 集積実装技術、（中央）キャパシター搭載インターポーザーの電源ネットワークインピーダンス、
（右）信号伝送特性

三次元積層LSI

プリント回路基板 チップキャパシター

シリコン
インターポーザー

10 Hzから40 GHzの周波数領域
において２ポート高精度評価

0.001 Ω
超低インピーダンス評価技術の確立

有機
インターポーザー

薄膜
キャパシター

薄膜キャパシター

周波数（Hz）

101

10-1

101

102

10-2

102

103
10-3

103

104

104

105 106 107 108 109 1010

100

4×1010

良好な信号伝送特性

劣化した信号伝送特性

電
源
イ
ン
ピ
ー
ダ
ン
ス（
Ω
）

チップキャパシター
チップキャパシター部品
表面実装インターポーザー

薄膜キャパシター内蔵
インターポーザー

薄膜キャパシター内蔵
チップキャパシター表面実装

超小型高密度化、高速大容量化、低消費電力化の要請から3次元ICチップ積層技術が発展
→コスト、歩留まり

インターポーザによる2.5D実装例

3D-IC technology for future detectors, FNAL, 02/17/2009

Key components of 3DKey components of 3D--IC technologyIC technologyKey components of 3DKey components of 3D IC technologyIC technology

THROUGH SILICON VIAS (TSV)THROUGH SILICON VIAS (TSV)

11proxy picture

@Tezzaron-Fermilab

ピッチアダプタや配線引き出し 
TSVによるICチップ積層 
内蔵部品 etc.

Deptuch

メモリで実用化

産業応用

物理実験への応用

産総研の要素技術(Auバンプ、パリレンTSV)をこれまで行ってきた
ハイブリッドピクセルへと応用していきたい

以上のようにピクセル開発は、最先端プロセスを軸に回路や実装方法など様々な
アプローチから性能向上に向けて研究が進められている


Aoyagi



余談ですが、、、

アカデミックは12 nmまで利用可能なので興味のある方は是非
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2.E-sysにおける”フロントエンドASIC”の開発状況
• ストリップセンサーASIC 
• コールドASIC



ストリップセンサーASIC: g-2/EDM

Development of Front-end ASIC
for Silicon-strip Detectors of J-PARC Muon g-2/EDM Experiment

Yutaro Sato1, Yowichi Fujita1, Eitaro Hamada1, Tetsuichi Kishishita1, Tsutomu Mibe1, Osamu Sasaki1, Masayoshi Shoji1, Taikan Suehara2,
Manobu Tanaka1, Junji Tojo2, Yuki Tsutsumi2, Takashi Yamanaka3, Tamaki Yoshioka3 for the J-PARC g-2/EDM collaboration

KEK IPNS1, Kyushu Univ.2, Kyushu Univ. RCAPP3

2. Silicon Strip Detector

3. Prototype Front-end ASIC “SliT128B”
• Timing stability is important for the measurement of the muon g-2.
→ Fast response to tolerate a high hit rate

• Readout sequence is designed for pulsed muon beam at J-PARC.
→ Binary readout with 5 ns time stump and

larger memory buffer, in which the data
with a period of 40.96 μs can be stored.

• A full-scale prototype ASIC “SliT128B” was 
designed and fabricated.

• SliT128B was mounted on an evaluation 
board by wire-bonding with 25-μm 
aluminum wire. The evaluation board was 
connected with commercial FPGA board 
(Nexys video) through FMC connector.

Requirements to ASIC

• Peaking time < 50 ns
• Pulse width < 100 ns
• Dynamic range > 4 MIP

(1 MIP = 24,000e)
• Noise : ENC < 1600 e

@Cdet = 30 pF
• Time walk < 1 ns
• Power consumption : 5 mW/ch

History of development of ASIC “SliT”
– 2012 SlitA (16ch,   analog)               : 1st prototype [4].
– 2013 SlitA2013 (64ch,   analog)               : the pulse width was improved [5].

(UMC CMOS 250-nm → Silterra CMOS 180-nm)
– 2015 SliT128A (128ch, analog+digital) : full-scale prototype with analog and digital part [6].
– 2017 SliT2017TEG (64ch,   analog)               : time-walk was improved by differentiator [7].
– 2018 SliT128B (128ch, analog+digital) : Å report in this poster

• We are developing Front-end ASIC “SliT” for J-PARC muon g-2/EDM experiment.
• Prototype ASIC “SliT128B” has been fabricated and we confirmed most of the 

requirements are met. A little more improvement especially about time-walk  
will be done by minor optimization of the circuit design.

• Based on the result of SliT128B, we designed and fabricated next version
of the ASIC “SliT128C”. The performance test of SliT128C is starting.

• The production version of the ASIC will be fabricated next JFY.
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Abstract
We are developing a front-end ASIC for silicon-strip detectors of the J-PARC muon g-2/EDM (E34) experiment, which aims to measure the muon anomalous 
magnetic moment (g-2) and electric dipole moment (EDM) to search for new physics beyond the Standard Model. Since the timing of the muon decay is key 
information in the experiment, the front-end ASIC is required to tolerate a high hit rate of 1.4 MHz per strip and to be stable to the change of hit rate by a 
factor of 1/150. To accommodate the pulsed muon beam at J-PARC, the ASIC has large buffer memory to save the binary hit information. The prototype ASIC 
“SliT128B” was fabricated using the Silterra 180-nm CMOS process. We report the performance of SliT128B chip and future prospect. 

• Positron tracks from muon decays are 
measured by silicon-strip detector. It 
consists of 40 vanes, and one vane consists 
of 4 quarter-vanes. Each quarter-vane has 
4 single-sided silicon strip sensors. Two-
dimensional position is measured by the 
two layers of the silicon strip sensors.
– 640 sensors
– 5120 ASICs (=655,360 channels)

2. Silicon-strip Detector
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Requirements to detector

• High tracking efficiency for 100-300 MeV positrons
– At most 30 muon decays per 5 ns
– Event rate : 1.4 MHz per strip (max.)

• Stability to hit rate changes
– Event rate : from 1.4 MHz to 10 kHz per strip.

• Operation in 3T magnetic field and vacuum and
no contamination of EM field to the muon storage region.

1. J-PARC muon g-2/EDM experiment

66 cm

• There is 3.8 σ discrepancy between the measurement of muon g-2 by BNL E821 [1] and the 
SM prediction.

• J-PARC muon g-2/EDM experiment [2] aims to measure g-2 with a precision of 0.1 ppm and 
search for EDM with a sensitivity of 10-21 e・cm with a different method from BNL E821 and 
Fermilab E989 experiment.
– Reaccelerated thermal muon beam with no strong focusing
– MRI-type storage magnet with a good injection efficiency & high uniformity of local B-field
– Full-tracking detector with large acceptance

4. Performance Test
Peaking time and pulse width

• Analog outputs from CSA, CR-RC shaper, differentiator, and their 
comparators are observed through monitor lines.

• Peaking time is less than 50 ns and pulse width is less than 100 ns.

Dynamic Range

• Dynamic range is derived to be more than 5 MIP from the pulse 
height of CR-RC-shaper as a function of injected charge.

Power consumption

• Power consumption is estimated to be 0.44 W, which is less than 
the requirement ( < 0.64W/chip).

Noise

• “S-curve scan” is performed to estimate the noise.
– A fixed amount of charge is injected, changing the threshold voltage

of comparator. Response function is error function, which is step
function smeared by noise.

• Noise is estimated to be 1746 ± 57 electrons with a detector
capacitance of 33 pF.

Time-walk

• Time-walk effect is reduced by adjusting the threshold voltage for differential circuit. 
• Time-walk is about 2 ns between 0.5 MIP and 3.0 MIP with the optimum threshold voltage.

– It gets close to the requirement (<1 ns).
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TABLE II
SUMMARY OF THE SLIT128C PERFORMANCE

Requirement Simulation Measurement
Peaking time < 75 ns 35.1 ns 64.2 nsa

Pulse width at 1 MIP < 100 ns 75.0 ns 74.5 ns
Dynamic range > 4 MIP 8 MIP > 7.8 MIP
ENC < 1, 600 4�@⇠det = 30 pF 1210 4�@⇠det = 30 pF 1547 ± 75 4�@⇠det = 33 pF
Time walk (0.5-3.0 MIP) < 1 ns 0.4 ns 0.38 ± 0.16 ns
Jitter at 0.5 MIP < 5 ns 4.89 ns 4.8 ± 0.2 ns
Power consumption 0.64 W/chip N.A. 0.30 W/chip
a Outputs measured from the monitor which include delays due to the parasitic capacitance and finite buffer drive strength.
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Fig. 12. (a) Time over threshold and (b) timing jitter as a function of the
injected charge for the 32 readout channels. The result with normal operation,
in which both comparators for the CR-RC shaper and the differentiator are
enabled, is shown by solid red circles. The result with operation, in which
a comparator is enabled for the CR-RC shaper only, is shown by open blue
circles. The threshold voltage of the CR-RC shaper was set to be at the
0.3 MIP charge level. The threshold voltage of the differenetiator was adjusted
to minimize the time walk. The error bars indicate the channel variation.

F. Power consumption
We supplied 1.8 V for an analog circuit and 1.8 V for a

digital one. An additional dedicated bias voltage of 1.1 V
is applied to the input transistors in the CSA for noise
optimization and avoiding IR-drops. By measuring the current
at each power line, power consumption was determined to be
0.13 W, 0.11 W, and 0.06 W for the analog, the digital, and
the CSA, respectively. The total power consumption is 0.30 W
per chip.

IV. CONCLUSIONS

We have developed a series of silicon-strip readout chips
named SliT with the 180 nm CMOS technology. The SliT is
designed for the precise measurement of the muon 6�2/EDM,
which is planned at J-PARC in Japan. The main objective

of the SliT is to provide the timing information for positron
tracks from silicon-strip sensors, with amplitude-independent
time walks. We have also developed a new readout chip
named “SliT128C”. In this chip, the leading edge is gen-
erated from the timing of baseline-crossing by the bipolar
waveforms. This zero-crossing architecture is implemented by
adding the voltage differentiator at the output of the CR-
RC shaper. As a result, the time walk effect is suppressed
to subnanosecond (0.38 ± 0.16 ns). The equivalent noise
charge is 1547 ± 75 4� with ⇠det = 33 pF. The SliT128C
consists of 128 channels, which are completely functional.
Other evaluated performance results are also summarized in
Table II. The SliT128C satisfies all requirements of the J-
PARC muon 6 � 2/EDM experiment.
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Fig. 1. (a) Muon storage ring and positron tracking detector in the muon 6 � 2/EDM experiment at J-PARC. (b) Perspective view of silicon-strip detectors
and a closeup view of the so-called quarter vane, which consists of four sensors and 32 front-end ASICs.

Fig. 2. Photograph of the ASIC fabricated in the Silterra 180 nm CMOS
technology. The chip size is 6.54 mm ⇥ 7.2 mm with a memory area density
of 40%.

considerably improved.
The noise level after the voltage differentiator becomes

worse than the ENC of the CR-RC shaper. To suppress
triggers on noise, we preserved the CR-RC shaper path and
used both information to define the final pulses by making
an AND operation. The leading-edge timing of the final
output is determined from the differentiator, while the trailing-
edge timing is determined from the CR-RC shaper. Precisely
speaking, the noise bandwidths of the CR-RC and CR-RC-CR
are theoretically the same, i.e., the differentiator introduces
a low-frequency cutoff, whereas the upper cutoff frequency
remains about the same [11]. The noise level is related with
the reduction in peak amplitude of the bipolar shapes. This
degraded slope also produces larger time jitter (not the time
walk itself), compared with the CR-RC filter. The time jitter

or temperature effect on the time walk is, however, averaged
due to large event statistics and not a severe problem in our
experiment. The time walk and time jitter estimated by the
Monte Carlo simulation, including the device mismatch and
parasitic effect, are listed in Table II.

The monitor lines were also implemented to examine analog
waveforms at each processing point, e.g., the CSA, CR-
RC shaper, differentiator etc. The 20-bit control registers are
implemented to enable switches, i.e., a test pulse injection, the
inverting amplifier, distinct discriminators, monitor lines, and
tuning DACs for each channel.

C. Digital processing block
Fig. 4 (a) shows the block diagram of the digital part.

It consists of a signal interface (I/F), a memory controller,
a serializer, a timing generator, and a parameter controller.
The timing generator block provides the “Write Start” and
“Read Start” signals to the memory controller, which are
synchronized with an external 200 MHz clock. The parameter
controller block is a slow control circuit for the registers of
both the analog and digital parts. The signal interface block
receives the discriminator outputs from the analog part. D-
type flip-flops sample these signals by the external 200 MHz
clock. After the first flip-flops, subsequent two D-type flip-
flops resample these signals by 100 MHz clocks which are
180 degrees out of phase. This is because the sampling fre-
quency of 200 MHz is close to the maximum clock frequency
of logic circuits in the Silterra technology.

Fig. 4(b) shows the block diagram of the memory controller.
The memory controller block receives two kinds of data, which
are synchronized by different 100 MHz clocks, from the signal
I/F block. When the memory-write controller block receives
the “Write Start” signal, it starts to store data in SRAMs.
The memories have 8192 word depths for each channel, and
the data can be stored within 40.96 �s (= 8192 ⇥ 5 ns). The
storing process continues until the SRAMs are full. When the
memory-read controller block receives the “Read Start” signal,
it reads out all of the data from memories and sends them to

g-2/EDM実験用に2012年から開発がスタート(2016年から開発に参加)

IEEE TNS 67, p.2089, 2020



time-walk改善へのアプローチ

time-walk

実験の要求性能：1 ns以下のtime-walkを全チャンネルで実現したい

通常のCR-RC整形回路では、time-walkはせいぜい10 ns 
→波高値のピークで立ち上がりを生成したらどうか？

https://www2.kek.jp/ipns/ja/post/2020/03/20200309/
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2. Silicon Strip Detector

3. Prototype Front-end ASIC “SliT128B”
• Timing stability is important for the measurement of the muon g-2.
→ Fast response to tolerate a high hit rate

• Readout sequence is designed for pulsed muon beam at J-PARC.
→ Binary readout with 5 ns time stump and

larger memory buffer, in which the data
with a period of 40.96 μs can be stored.

• A full-scale prototype ASIC “SliT128B” was 
designed and fabricated.

• SliT128B was mounted on an evaluation 
board by wire-bonding with 25-μm 
aluminum wire. The evaluation board was 
connected with commercial FPGA board 
(Nexys video) through FMC connector.

Requirements to ASIC

• Peaking time < 50 ns
• Pulse width < 100 ns
• Dynamic range > 4 MIP

(1 MIP = 24,000e)
• Noise : ENC < 1600 e

@Cdet = 30 pF
• Time walk < 1 ns
• Power consumption : 5 mW/ch

History of development of ASIC “SliT”
– 2012 SlitA (16ch,   analog)               : 1st prototype [4].
– 2013 SlitA2013 (64ch,   analog)               : the pulse width was improved [5].

(UMC CMOS 250-nm → Silterra CMOS 180-nm)
– 2015 SliT128A (128ch, analog+digital) : full-scale prototype with analog and digital part [6].
– 2017 SliT2017TEG (64ch,   analog)               : time-walk was improved by differentiator [7].
– 2018 SliT128B (128ch, analog+digital) : Å report in this poster

• We are developing Front-end ASIC “SliT” for J-PARC muon g-2/EDM experiment.
• Prototype ASIC “SliT128B” has been fabricated and we confirmed most of the 

requirements are met. A little more improvement especially about time-walk  
will be done by minor optimization of the circuit design.

• Based on the result of SliT128B, we designed and fabricated next version
of the ASIC “SliT128C”. The performance test of SliT128C is starting.

• The production version of the ASIC will be fabricated next JFY.

5. Summary and Prospect
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Abstract
We are developing a front-end ASIC for silicon-strip detectors of the J-PARC muon g-2/EDM (E34) experiment, which aims to measure the muon anomalous 
magnetic moment (g-2) and electric dipole moment (EDM) to search for new physics beyond the Standard Model. Since the timing of the muon decay is key 
information in the experiment, the front-end ASIC is required to tolerate a high hit rate of 1.4 MHz per strip and to be stable to the change of hit rate by a 
factor of 1/150. To accommodate the pulsed muon beam at J-PARC, the ASIC has large buffer memory to save the binary hit information. The prototype ASIC 
“SliT128B” was fabricated using the Silterra 180-nm CMOS process. We report the performance of SliT128B chip and future prospect. 

• Positron tracks from muon decays are 
measured by silicon-strip detector. It 
consists of 40 vanes, and one vane consists 
of 4 quarter-vanes. Each quarter-vane has 
4 single-sided silicon strip sensors. Two-
dimensional position is measured by the 
two layers of the silicon strip sensors.
– 640 sensors
– 5120 ASICs (=655,360 channels)

2. Silicon-strip Detector
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Requirements to detector

• High tracking efficiency for 100-300 MeV positrons
– At most 30 muon decays per 5 ns
– Event rate : 1.4 MHz per strip (max.)

• Stability to hit rate changes
– Event rate : from 1.4 MHz to 10 kHz per strip.

• Operation in 3T magnetic field and vacuum and
no contamination of EM field to the muon storage region.

1. J-PARC muon g-2/EDM experiment

66 cm

• There is 3.8 σ discrepancy between the measurement of muon g-2 by BNL E821 [1] and the 
SM prediction.

• J-PARC muon g-2/EDM experiment [2] aims to measure g-2 with a precision of 0.1 ppm and 
search for EDM with a sensitivity of 10-21 e・cm with a different method from BNL E821 and 
Fermilab E989 experiment.
– Reaccelerated thermal muon beam with no strong focusing
– MRI-type storage magnet with a good injection efficiency & high uniformity of local B-field
– Full-tracking detector with large acceptance

4. Performance Test
Peaking time and pulse width

• Analog outputs from CSA, CR-RC shaper, differentiator, and their 
comparators are observed through monitor lines.

• Peaking time is less than 50 ns and pulse width is less than 100 ns.

Dynamic Range

• Dynamic range is derived to be more than 5 MIP from the pulse 
height of CR-RC-shaper as a function of injected charge.

Power consumption

• Power consumption is estimated to be 0.44 W, which is less than 
the requirement ( < 0.64W/chip).

Noise

• “S-curve scan” is performed to estimate the noise.
– A fixed amount of charge is injected, changing the threshold voltage

of comparator. Response function is error function, which is step
function smeared by noise.

• Noise is estimated to be 1746 ± 57 electrons with a detector
capacitance of 33 pF.

Time-walk

• Time-walk effect is reduced by adjusting the threshold voltage for differential circuit. 
• Time-walk is about 2 ns between 0.5 MIP and 3.0 MIP with the optimum threshold voltage.

– It gets close to the requirement (<1 ns).
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2. Silicon Strip Detector

3. Prototype Front-end ASIC “SliT128B”
• Timing stability is important for the measurement of the muon g-2.
→ Fast response to tolerate a high hit rate

• Readout sequence is designed for pulsed muon beam at J-PARC.
→ Binary readout with 5 ns time stump and

larger memory buffer, in which the data
with a period of 40.96 μs can be stored.

• A full-scale prototype ASIC “SliT128B” was 
designed and fabricated.

• SliT128B was mounted on an evaluation 
board by wire-bonding with 25-μm 
aluminum wire. The evaluation board was 
connected with commercial FPGA board 
(Nexys video) through FMC connector.

Requirements to ASIC

• Peaking time < 50 ns
• Pulse width < 100 ns
• Dynamic range > 4 MIP

(1 MIP = 24,000e)
• Noise : ENC < 1600 e

@Cdet = 30 pF
• Time walk < 1 ns
• Power consumption : 5 mW/ch

History of development of ASIC “SliT”
– 2012 SlitA (16ch,   analog)               : 1st prototype [4].
– 2013 SlitA2013 (64ch,   analog)               : the pulse width was improved [5].

(UMC CMOS 250-nm → Silterra CMOS 180-nm)
– 2015 SliT128A (128ch, analog+digital) : full-scale prototype with analog and digital part [6].
– 2017 SliT2017TEG (64ch,   analog)               : time-walk was improved by differentiator [7].
– 2018 SliT128B (128ch, analog+digital) : Å report in this poster

• We are developing Front-end ASIC “SliT” for J-PARC muon g-2/EDM experiment.
• Prototype ASIC “SliT128B” has been fabricated and we confirmed most of the 

requirements are met. A little more improvement especially about time-walk  
will be done by minor optimization of the circuit design.

• Based on the result of SliT128B, we designed and fabricated next version
of the ASIC “SliT128C”. The performance test of SliT128C is starting.

• The production version of the ASIC will be fabricated next JFY.

5. Summary and Prospect
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Abstract
We are developing a front-end ASIC for silicon-strip detectors of the J-PARC muon g-2/EDM (E34) experiment, which aims to measure the muon anomalous 
magnetic moment (g-2) and electric dipole moment (EDM) to search for new physics beyond the Standard Model. Since the timing of the muon decay is key 
information in the experiment, the front-end ASIC is required to tolerate a high hit rate of 1.4 MHz per strip and to be stable to the change of hit rate by a 
factor of 1/150. To accommodate the pulsed muon beam at J-PARC, the ASIC has large buffer memory to save the binary hit information. The prototype ASIC 
“SliT128B” was fabricated using the Silterra 180-nm CMOS process. We report the performance of SliT128B chip and future prospect. 

• Positron tracks from muon decays are 
measured by silicon-strip detector. It 
consists of 40 vanes, and one vane consists 
of 4 quarter-vanes. Each quarter-vane has 
4 single-sided silicon strip sensors. Two-
dimensional position is measured by the 
two layers of the silicon strip sensors.
– 640 sensors
– 5120 ASICs (=655,360 channels)

2. Silicon-strip Detector

φ 580 mm

Quarter vane

208 mm
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Requirements to detector

• High tracking efficiency for 100-300 MeV positrons
– At most 30 muon decays per 5 ns
– Event rate : 1.4 MHz per strip (max.)

• Stability to hit rate changes
– Event rate : from 1.4 MHz to 10 kHz per strip.

• Operation in 3T magnetic field and vacuum and
no contamination of EM field to the muon storage region.

1. J-PARC muon g-2/EDM experiment

66 cm

• There is 3.8 σ discrepancy between the measurement of muon g-2 by BNL E821 [1] and the 
SM prediction.

• J-PARC muon g-2/EDM experiment [2] aims to measure g-2 with a precision of 0.1 ppm and 
search for EDM with a sensitivity of 10-21 e・cm with a different method from BNL E821 and 
Fermilab E989 experiment.
– Reaccelerated thermal muon beam with no strong focusing
– MRI-type storage magnet with a good injection efficiency & high uniformity of local B-field
– Full-tracking detector with large acceptance

4. Performance Test
Peaking time and pulse width

• Analog outputs from CSA, CR-RC shaper, differentiator, and their 
comparators are observed through monitor lines.

• Peaking time is less than 50 ns and pulse width is less than 100 ns.

Dynamic Range

• Dynamic range is derived to be more than 5 MIP from the pulse 
height of CR-RC-shaper as a function of injected charge.

Power consumption

• Power consumption is estimated to be 0.44 W, which is less than 
the requirement ( < 0.64W/chip).

Noise

• “S-curve scan” is performed to estimate the noise.
– A fixed amount of charge is injected, changing the threshold voltage

of comparator. Response function is error function, which is step
function smeared by noise.

• Noise is estimated to be 1746 ± 57 electrons with a detector
capacitance of 33 pF.

Time-walk

• Time-walk effect is reduced by adjusting the threshold voltage for differential circuit. 
• Time-walk is about 2 ns between 0.5 MIP and 3.0 MIP with the optimum threshold voltage.

– It gets close to the requirement (<1 ns).

Threshold DAC (CRRC)
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Test Pulse timing

CSA

Differentiator

Comparator(Differentiator)
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Analog outputs with 1 MIP test pulse
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SICs
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Shaper

TDC Memory Serializer

Digital part

Analog part

5 ns sampling 128 bit × 8192 points

Signal

Test pulse

Serial output
100 fF

Differentiator Comparator

Slow control 
I/F

DAC

Sampling clock
(200 MHz)

Read clock
(100 MHz)

DAC

Comparator

Vth

Vth

Slow control signal

AND
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Nexys video
(Xilinx Artix-7)
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Evaluation board

Beam injection

Measurement
Data processing
and transfer

40 ms2 ns
40.96 µs

~39 ms

~ ~

Photo of SliT128B and its evaluation board
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4 MIP

±5%

Dynamic range is defined as range 
with residual less than 5%

実験の要求性能を全て満たすことが確認でき、2020年末に
無事エンジニアリングランで約7000チップを製作

サブナノ秒time-walkの実現

両者のANDを取ることで
0.38±0.16 nsのtime-walkを
達成！

Sato
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ニュートリノ原子核反応で生じる2次粒子を液体アルゴンTPCで捉える 
(2016年から開発に参加)
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4 Measurements at the LAr temperature

4.1 Experimental setup

Figure 9 shows the experimental setup operated at the LAr temperature of ⇡ �185 �C. Since
the feed-through terminal of the cryostat limits the number of cable connections, we chose direct
immersion of the electronics in a Dewar vessel filled with liquid argon. To avoid thermal stress on
the FPGA board, we separated the GoSHIK board from the ASIC, soaking only the SIRONEKO
board in liquid argon. Supply powers, test pulses, and monitor lines were directly connected with
ribbon cables. The bias voltages, which were tuned with trimmer potentiometers at RT, were also
provided by external power supplies. The direct immersion approach provides an easy-to-access
environment to the ASIC, although is subjects the ASIC and mounted components to harsh thermal
and mechanical stresses. In this experiment, the temperature can be reduced to that of liquid argon
instantaneously, removing any time restrictions.

Figure 9. Experimental setup for the LAr temperature operation (left). Only the ASIC, i.e., the SIRONEKO
board, was directly immersed in the LAr (right).

4.2 Waveforms and dynamic range

In the LAr temperature, we confirmed that the circuit could not be operated under the same bias
conditions as the RT environment. By optimizing the bias settings we succeeded in obtaining analog
outputs; however, the conversion gain decreased and the noise level severely deteriorated. Such
deterioration was not observed at RT in the Dewar. The baseline fluctuation was about 120 mV,
while the peak height was about 530mV for an input charge of 40 fC. Compared with the RT
result, the gain decreased by about 40%. In order to specify the cause of this issue, we used the
time-averaging function of the oscilloscope and compared the waveforms at the RT and with the
simulation. The simulation methodology is discussed in the next section.

Figure 10 shows the time-averaged waveforms at RT and the LAr temperatures with an input
charge of �40 fC and Cdet = 300 pF. Compared with the RT results, not only the conversion gain,
but also the peaking time was clearly a�ected by the temperature; there was an increase of 60% in
the peaking time. The conversion gain at LT was determined to be 6.6 mV/fC, while the peaking
time was about 1.6 µs. This result was contrary to our expectations since the charge carrier mobility
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�ƄĦ¸íɢ:	-10	fC	(1	MIP) 
�ŲĽſěű: 1~3	μsǫĶ 
�Ø¯ǌĈ: 87	K 
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ĺ�Ê"ƾ.4Ƈ: �1���3öɺGɜ�C'=2Jm�V�j^d�ċũùɉ(ADC)GǏ
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ŔĎĖ�ǤŒĎĖ3ĖǍ//>2ɗ=ňȦ2ŉ!-O�Uk�nU_]_i}V��v3ŖȠȏ

õ3Õ�GºB-ąƏȯȫ10Gȟ�� 
äȌųǇ: W.F.	Clark	et	al.,	Low	temperature	CMOS	—	A	brief	review,	IEEE	Trans.	Compon.	Hybrids	

Mauf.	Technol	15	(1992)	397.	  
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in silicon generally increases with decreasing temperature, while the thermal noise decreases at the
same time in the LT environment. Figure 11 shows the dynamic range at the LAr temperature.

Figure 10. Time-averaged waveforms at RT and LT. Data and simulation are shown in red and blue,
respectively.

Figure 11. Comparison of the dynamic range in the HG mode with Cdet = 300 pF.

5 Possible cause of the performance degradation and simulation methodology for
cold-electronics

The analog performance at RT satisfied the requirements from the experiments, however, further
optimization of the circuits and devices is clearly necessary for operation of circuits immersed in
the LAr. In this section, we discuss possible causes of the performance degradation at LT and a
unique simulation methodology for reliable cold electronics.
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液体アルゴン温度で何が起こるか
過去のASICのアナログ波形

• ディスクリートのバッファICが発振

• ASIC内部でゲインの低下とピーキングタイムの変動
トランジスタの閾値電圧の温度依存性(~1 mV/K)で動作点が室温と大きく異なる！

低温での振る舞いをシミュレーションする手法を考案
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低温での動作実証
室温

低温 (液体窒素温度)

Kosaka

応用例: 超電導マグネットの真空チェンバー内での使用

同スケール



まとめ
• ピクセル開発は、超微細プロセスを駆使したエキサイティングな研究分野で
あり、プロセス/回路/実装とあらゆるアプローチでさらなる性能向上に向け
て研究が進められている


• E-sysでもここ数年で多チャンネル化、低温動作、ワイドダイナミックレン
ジといった多彩な実験要求を満たせる回路技術が確立した


そのほかにもE-sysでは、以下のような研究を進めている

• 高放射線ASICの開発

• 高性能なADCを搭載したASICの開発

• ダイヤモンドやシリコンカーバイドといったセンサーの開発

• ハイブリッド型のピクセルASICの開発

• モノリシック型ピクセル検出器の開発

ご興味があれば是非一緒にやりましょう！


