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復習

❖ High Luminosity LHC
‣ ATLASアップグレードのポイント
๏高い放射線耐性（⇐ 池上，陣内）
๏粒子数/単位面積/単位時間 の増加
★センサーの微細化
★読み出しASICを新開発
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たとえば... ASIC for Pixel

❖ 現行チップ（FE-I3）では，HL-LHCは無理
⇒ FE-I4 の開発 ⇒ 試験

❖ 新しい読み出しシステムが必要
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Fig. 1. Block diagram of the new pixel FE, FE-I4. The sketch shows the pixel
array (with the 4-pixel region), the periphery logic and the command decoder.

the luminosity of the machine to about ten times more, and is
referred to as the “super-LHC upgrade”. Correspondingly, two
phases of upgrade are planned for the ATLAS pixel detector,
called “b-layer upgrade” and “super-LHC upgrade”. Some in-
tervention will be needed around 2012-2013, due to potential
performance degradation of the innermost layer of the pixel de-
tector before 2016, either related to charge collection efficiency
degradation of the irradiated sensor, or due to limitations in the
hit rate that the current FE [3], [4] can handle at high peak lu-
minosity. The currently favored option is actually not a replace-
ment, but the insertion of a new smaller radius b-layer inside the
current pixel detector together with a smaller radius beam pipe,
an option referred as IBL (“insertable b-layer”) project.

The inner detector is the part of ATLAS needing the most
radical changes for super-LHC luminosity, and although plans
for the upgrade are still in the process of being defined, some
general points can already be drawn.

For super-LHC, the pixel detector barrel could consist of 4
layers covering radii from about 3.7 cm to about 20 cm. A
new sensor technology will be needed for the innermost pixel
layer(s) because of inimical radiation environment at very high
luminosity. It is also believed that the challenges for the design
of the new FE for the smallest radii at super-LHC are too great
to be overcome in a single technology step. It should finally be
underlined that the hit rate at radii above 12 cm for super-LHC
luminosity will be rather similar to the rate in the IBL before
super-LHC upgrade.

Thus, it was decided to design an FE for an intermediate hit
rate, called “FE-I4”, with two goals: FE-I4 will target the IBL
project needs in the years 2012-2013 and will also be com-
patible with the requirements for the pixel outer layers after
super-LHC upgrade. It is understood that the innermost layer(s)
at super-LHC would then require an appropriate IC develop-
ment in a smaller feature size at a later time.

In the next sections, a description of the new digital concepts
the FE-I4 is based upon is given. An introduction to FE-I4 main

Fig. 2. Inefficiencies in FE-I3 at as function of hit rate per DC.
The correspondence between hit rate per DC and luminosity is shown. The
double-hit inefficiency corresponds to the situation when a pixel is hit twice
in a very short time and the LE of the second hit is never detected. Sources of
inefficiency related to data shipment in the DC are labeled “busy/waiting” and
“late copying”.

characteristics is given in [5]. A description of the FE-I4 analog
pixels and of many peripheral blocks of interest can also be
found in [6].

III. LIMITATIONS OF FE-I3 AT HIGH RATE AND THE NEW FE-I4
DIGITAL ARCHITECTURE

In the current ATLAS pixel detector IC, FE-I3, each pixel
has a discriminator which produces a digital signal when the
amplifier output exceeds the set threshold. The moment when
the comparator fires is called the Leading Edge (LE) and it
time-stamps the particle detection. The comparator stays above
threshold for a certain time which is approximately proportional
to the recorded charge, and is called the Time-over-Threshold
(ToT).

FE-I3 was designed in 0.25 technology, with enclosed
layout transistors for enhanced radiation-tolerance, and was
tuned for LHC full design luminosity. The FE is organized
in Double-Columns (DC), which allows a good separation of
the analog and digital pixel sections. Due to space constraints
it was not possible to implement large digital elements in the

. Thus the FE-I3 architecture is based
on a column drain concept, where each hit pixel sends timing
(LE), charge (ToT) and pixel address information down to the
EoC buffer. The data recorded in these DC buffers waits until
ATLAS L1T latency, either for confirmation and readout, or
for erasing. The process of transferring pixel hits inside the DC
to its periphery is time-consuming, and a pixel that fires stays
inactive until the data shipment to the next available EoC cell is
finished. At higher hit rates, the number of hits to be transferred
increases and the DC bus becomes very busy. Around a hit
probability which corresponds to 3 times LHC luminosity for
the 5 cm layer, the bus becomes saturated. This saturation
translates into a steep increase in the time it takes for a pixel
to copy its data down to the EoC and as a consequence into a
steep increase in the corresponding sources of inefficiencies as
seen in Fig. 2. Note that the hit rate is greater at smaller layer



ビームテスト用DAQ

❖ ビームテストはセンサー開発の重要な一部分
（cf. 池上，陣内）
‣ 現状：CERN/DESYにて既存DAQを利用
๏他グループ主導のため低い利便性
๏放射化物移動の困難
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⇒ より機動的な自前DAQ開発



ASIC読み出しシステムの開発
❖ 既存システムの問題点
‣ DAQ実機：利便性・汎用性・機動性の欠如
‣ テストベンチ：多チップ対応不可，遅い

❖ グループ内力学と将来計画
‣ 試験結果を他グループよりも早く得たい
‣ 開発→建設→設置→運用・各ステージでの
主導権
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⇒ 新たなDAQシステム（試験用）開発



汎用DAQボード SEABAS

❖ KEK SOIグループによって開発
‣ 2個のFPGAによるシリアル通信
๏ Frontendのコントロール
๏外部計算機とのTCP/IP通信（SiTCP）
←実装済み

6
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極めて高い汎用性



汎用DAQボード SEABAS

❖ KEK SOIグループによって開発
‣ 2個のFPGAによるシリアル通信
๏ Frontendのコントロール
๏外部計算機とのTCP/IP通信（SiTCP）
←実装済み
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極めて高い汎用性

• デバイス接続用カード
• デバイスコントロール用
ファームウェア
• DAQ用ソフトウェア



History
❖ 2008年：SOIグループ INTPIX etc.
新井（KEK），内田（KEK)，廣瀬（阪大）
...
ATLASグループで使い始める
KEK，阪大，東工大

❖ 2010年：ABC250（Upgrade strip）
❖ 2011年：FE-I4（Upgrade pixel）
❖ 2012年：SVX4（試験用テレスコープ）
❖ 2012年：ABCD3T（現行strip）
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ストリップ
ABCN (ABCD3T)



ストリップ用 ABCN Single Chip

❖ ABC250 : 128ch. 
ストリップ読み出し
hit情報のみ

❖ SOIグループ以外での
初の試み
‣ 有用性を証明 9

図 4.4: ”Clock Feed Through”から抜ける
様子 (黄色がコマンド。青がチップからの
出力。)

図 4.5: ”Send ID Mode”での L1トリガー
コマンドに対するチップからの出力 (黄色
がコマンド。青がチップからの出力)

図 4.6: 各閾値に対してのノイズが閾値を越える回数の変化
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ABCNアップグレード用ハイブリッド
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ABC250
20個

図 5.4: センサーの静電容量 [pF]に対するノイズ [e]の変化 (静電容量が 10.3 pFの時
のノイズの値は chip 1の方のノイズの値である)
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5.2.3 閾値の設定
図 5.4から分かるようにチップに接続されたセンサーの長さが違うためにチップ毎
にノイズが違う。そのためノイズの量に応じた閾値を各チップに設定する必要があ
る。そこで本節では各チップに対する閾値の設定方法を説明する。
まず、各チャンネルのノイズが閾値を超える確率を測定した。これを閾値を変化さ
せ繰り返した結果を図 5.7に示す。この結果から、Vt50 [mv]と出力ノイズ σ [mV]を

図 5.7: 各チャンネルのノイズが閾値を越える確率

第 4章で述べた手順で求める。各チップで得られたVt50 [mV]と出力ノイズ σ [mV]

を表 5.4にまとめる。
次に各チップに設定する閾値を Vt50, Vt50+σ, Vt50+2σ, Vt50+3σ, Vt50+4σ,

Vt50+5σと変化させ、それぞれの閾値でランダムトリガーを 10,000回ずつチップに
送った。その結果から、以下で定義するノイズによるOccupnacy (Noise Occupancy)

を各チャンネル毎に求めた。

Noise Occupancy =
Nhits

Nevents
(5.3)

ここで、Nhitsは閾値を越えた回数であり、Neventsはイベント数 (=10,000) である。
各閾値での測定結果を図 5.8に示す。プロトタイプ検出器の検出効率をO(0.1 %)程
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Supermodule (Stave)

❖ 8 modules = 32 hybrids 
= 640 ASIC’s

11



ピクセル
FE-I4



ピクセル用セットアップ

13

❖ FE-I4
80 × 336 pixels
hit情報とTOT

❖ Single chip R/O
❖ 4-chip R/O
モジュールが4チップ
からなる
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ピクセルの結果 1
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ピクセルの結果 2

❖ 閾値とノイズを測定
‣ 閾値は各ピクセルでバラツキがある
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Injected Charge Scan　4-chip parallel readout
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ピクセルの結果３
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KEK発・最新モジュール

❖ 今はまだ1チップ（近日中に4チップ化）
❖ 単なるエレキではなく，センサーをバンプ
ボンドする予定 17
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ビームテストに向けて

❖ SEABAS DAQ の高い汎用性と機動性を生
かしたシステム作り
‣ KEK 安さん（＋京都教育大）によるDAQ 
software フレームワーク作り

‣ SEABASを使ったテレスコープ開発
๏SEABASのみで完結したセットアップ
（こっそりと，ファイバートラッカー）
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テレスコープ

19

Device Under Test

テレスコープ

50μm pitch
single sided
p-on-n
256 ch.

SVX4
128 ch. 
per chip

KRIEGER et al.: SVX4: A NEW DEEP-SUBMICRON READOUT IC FOR THE TEVATRON COLLIDER AT FERMILAB 1969

Fig. 2. Conceptual schematic of a single SVX4 channel circuit. The preamp and pipeline, together with the pipeline controller (not depicted here), comprise the
frontend module. The ADC and FIFO, together with the global I/O control and data driver circuits (not depicted here), comprise the backend.

about for technical reasons related to the process design rules,
transistor parameters, and availability of precise passive com-
ponents, as well as a general desire to take advantage of the per-
formance potential of the new process.

A. Backend Digital

The backend digital core, which includes the FIFO, gray
counter, and I/O control cells, was synthesized using the digital
library developed by the ATLAS Pixel group [4]. This cell
library features radiation tolerant layouts based on the research
of the RD49 collaboration [5]. The area of the new static
logic design, using nonminimum transistors as required for
radiation-tolerant layout, is about one-half that of the 0.8- m
radiation-hard design.

The FIFO module of SVX4 is the heart of the readout logic. It
consists mainly of a 128 15 static register array that provides
the memory for the ADC data and channel addresses. Additional
readout control logic within the FIFO configures memory access
to provide for parallel loading of the counter values during dig-
itize mode, and serialization and sparsification of the memory
contents during readout. One half of the FIFO register block is
constructed as a 128 8 data register matrix. In digitize mode,
each channel latches the 8-bit counter value present at the time
the Wilkinson ADC ramp crosses its signal voltage and fires
its comparator. It is concurrently decided, based on a digital
threshold value and the selected sparsification mode, whether a
given channel is flagged for readout. The other half of the FIFO
register is a 128 7 matrix that is preset to each channel’s ad-
dress at the start of readout. During readout, the two register
banks, address and data, are shifted out alternately on comple-
mentary 26-MHz clock phases, resulting in a 52-Mbyte/s data
rate. Channels not flagged for readout are passed over by “skip
logic,” effectively creating an -bit parallel shift register
for both the address and data banks, where is the number of
hit channels according to the programmed parameters (readout
mode, digital threshold).

The critical part of this block is the skip logic cell used to
sparsify the data. Fig. 3 provides a block diagram of the skip
logic cell and describes the circuit function. The delay of this

Fig. 3. Skip logic. The shaded data path represents the case where ch. 126 is
flagged for readout and ch. 125 is not. The skip logic chooses the corresponding
input port.

cell limits the readout speed to for the
worst-case scenario, i.e., a ch. 127-only hit in sparse mode. The
measured propagation delay of the cell ( 300 ps), deduced from
the maximum readout speed, is within 10% of that simulated
with layout capacitance parasitics. Depending on the process
parameters, the performance of the skip logic can reach its per-
formance limit at 26 MHz. At higher clock frequencies, the logic
fails gracefully, resulting in repeated readout of upper channel
addresses rather than data corruption. In order to completely
eliminate the small probability of invalid data due to a meta-
stable condition in this operating mode, a selectable feature was
included to readout channel 63 regardless of the mode. This in-
creases the occupancy 1%, but also halves the total propaga-
tion delay through the skip logic cells.

B. Charge Preamp

The preamplifier was the first stage to be redesigned for the
0.25- m process. The new design employs a fast reset switch
with a charge-injection circuit to set the operating point. The
fixed charge injection occurs coincident with the release of the
reset signal, and its magnitude is determined by an on-chip ref-
erence that can be overridden. This technique allows the output

SVX4



SVX4読み出し

❖ 特徴
‣ Control/data 
line数が桁違い
に多い

‣ 双方向LVDS
20
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Outlook

❖ 短期的
‣ KEK製造ピクセルモジュールの試験
‣ ピクセル試験用標準ツール化
๏外国人グループとのcollaborationによる
共通ソフトウェア開発

❖ 中期的：LVDSに対応したボードを新開発
❖ 長期的：主導的ピクセル/ストリップ試験
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結論

❖ SEABASを核とした試験用DAQ開発の推進
‣ 様々なASICの試験に活躍中
๏ピクセルでは一定の評価：高い汎用性
‣ 自前ビームテストの準備

❖ SOIグループには足を向けて寝られない
‣ SiTCPの有用さ
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