A 40 MHz clock and trigger recovery circuit for the CMS tracker
fabricated in a 0.25um CMOS technology and using a self calibration
technique
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of readout channels, the power consumption has to be
ABSTRACT minimal. Finally, the central tracker is a detector region
In the CMS central tracker, the LHC clock and thethat _exh|b|ts severe radiation conditions [1, 2]. It is thus
. . s . fequired to guarantee a total dose tolerance that can be as
first level trigger decisions are distributed encoded as a. ;
. i ) . ﬁ|gh as 10 Mrad over a period of 10 years.
single signal. This paper describes an ASIC for cloc ; .
. . : . To meet the requirements described before and the
recovery and first level trigger decoding to be used in th - : .
I acker radiation constraints, the IC has been implemented
tracker data acquisition and slow control systems. The IC”. o . .
) . . using radiation tolerant layout techniques [3] in a u2b
was implemented in a 0.2Bn CMOS technology using a
; CMOS technology.
rad-tolerant layout. It recovers the clock and trigger
signals meeting the CMS tracker power budget and
radiation hardness constraints. In the design of this ASIC
a self-calibration techniques was adopted to
accommodate for process parameters spread and device
parameter changes due to radiation induced damage.
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1 INTRODUCTION

The CMS central tracker electronics operates
synchronously to the 40.08 MHz LHC master clock. In
this system, the clock and the first level trigger decisions
are encoded and distributed as a single signal as shown in
Figure 1
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. . Figure 2The PLL-Delay IC as used in the front-end and
Figure 1Clock coding scheme in the control modules of the CMS tracker

This signaling scheme minimizes the bandwidth and
the power requirements of the transmission systerd. PLL-DELAY CHIP ARCHITECTURE
However, a dedicated circuit is required to recover the Besides the clock recovery and trigger decoding
clock and the trigger signal in the front-end and contrdunctions, mention before, the developed ASIELI(-
modules Figure 2. The recovered clock is used in theDelay IQ implements phase deskewing for the clock and
front-end APV ASIC for data sampling and thereforarigger signals. The clock phase can be adjusted in steps
jitter less than 0.5 ns is required to maintain the precisiasf 1.04 ns (fine deskew) up to a maximum delay of 25 ns,
of the analog measurements. As the circuit has to be usetile the trigger signal phase can be delayed up to a
in an environment close to the sensitive analogue fromaaximum of 16 clock cycles also with 1.04 ns resolution.
end electronics, it is necessary to reduce the switching The major blocks of the ASIC are shownFigure 3
noise generated by the IC. Moreover, this circuit has they consist of: a 40 MHz Phase-Locked Loop (PLL), a
operate in an environment where, due to the large numkieigger decoder, a programmable delay line, a calibration
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state machine and an2Q interface that allows process parameter spreads and device parameter changes
programming various parameters in the IC internaiue to radiation damages.
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Figure 3PLL block diagram

2.1 SYSTEM STABILITY

The core of this ASIC is the PLL [1,3, 4]; it consists ) . . . o
: . : The loop filter consists of a series, resistor/capacitor in
of the following major blocks:

- a double mode digital phase detector, Workingparallel with a smaller capacitor. This last capacitor, is

during the lock acquisition, as a 3-state Phafdded to mitigate the frequency ripple of a second order
i

Frequency Detector (PFD) and, once lock ggp.trlér:gft;?cfwrc]gtsi‘o?n additional pole in the PLL open
achieved, as a 2-state Phase Detector (PD); P

- a charge-pump circuit, converting the signals from WC(1+ sT2)
the PFD/PD into a control current. The charge pump GO(S)=2— (2)
circuit consists of two 10A current sources and four T5s7(1+5T,/b)

switches controlled by the phase detector outputs;
- aloop filter integrating the charge-pump current antvhere, wW=Kycol R(b-1)/2tb, Kyco is the VCO gain,
controlling the loop dynamics. b=(1+GJ/Cy), I,the charge pump current ang=R C,.
- a 12 stage differential Voltage Controlled Oscillator

(VCO). To ensure proper power supply noise %

rejection and also to minimize the generated noise, a - 80

differential constant amplitude VCO, similar to the ) § OWINAL CONDTONS
one described in [3], was used. Each stage is a 15:, 6o T 2
current—controlled differential delay cell. To E !

optimize the jitter behavior of the VCO, a linear E 50 5 1
relationship between the VCO control voltage and £ 4

the VCO frequency was implemented. The signal * " 2 T3=

amplitude of the VCO cell is held constant by means |

of a replica bias circuit and a power supply 20 10" ‘ 10° 10°

independent reference generator. b

As shown inFigure 4 clock phase shifting is Figure 5 Phase margin of the loop as a function of b
implemented by selecting the output of one of thparameter. The gray area delimits the variation region of
twelve VCO stages using a multiplexer. the parameters.

Two conflicting requirements exist in the design of a The location of this additional pole must be chosen in
low jitter PLL. On one hand the smallest possible PLlsuch a way that the steady state and the dynamic response
gain is desirable to ensure the lowest possible jitter in tiould stay practically unchanged. In addition, the
presence of input noise and of suppressed clock cyclggesence of this pole has to be chosen to guarantee
On the other hand, to cover the whole range of procestbility. By inspection of the Bode diagram it was
and temperature variations a high loop gain is necessamrified that for the chosen design parameters the stability
to ensure locking. Phase noise filtering is one of the majof the system is maintained over the entire range of
goals of this design and, consequently, a low loop gajprocess parameters, power supply voltages and
PLL was implemented. In the IC process chosen and witemperature.
the required low loop gain, it is not possible to guarantee In Figure 5the phase margin as a function of b with
phase locking under all conditions. To circumnavigatev.T, as parameter is shown. For small values of b the
this problem a digital circuit implementing an auto-phase margin becomes small indicating a poorly damped
calibration procedure was implemented. This calibratiogystem with a conjugate pole pair close to the imaginary
process (to be described later) compensates also fis.



2.2 NUMERICAL MODEL @ ®)

s — Best conditions

Phase Locked Loop circuits are difficult to simulate &t} ominal conditions fveot — High Gain | o
the circuit level. The complexity of the complete ASIC | Werstconditions o :
and the long time required for the PLL to achieve lock | , Mz x| 20 Mkiz i

(several microseconds of real time) typically demands : F‘ I
|

prohibitively long computing time (> 24 hours) with tools
such as Spice. Therefore, a behavioural discrete time ; - R
model of the PLL has been implemented allowing quick ©° Voo Voo v, 0 Voor Voo v,

study of the system design space and optimization of the

critical circuit components. A model has been developeddure 7 (@) Typical VCO characteristic when power
and coded in G. supply, temperature and process variations are

considered; (b) implemented VCO characteristic

350
_. 300 a If the lock is not achieved this means that the VCO is
g 0 /\ in one of its characteristics curvEigure 7-b) that does
5 200 , not cross the operation frequency and, consequently lock
i N might not be possible. In this case the offset current is
g 10 \ increased and the whole process repeated until the circuit
g 100 is able to acquire lock at the right frequency.
50 In the case the offset current is set to the maximum
0 e value (L") and the lock is not achieved, the PLL gain is
— | increasedligh Gainmode) and the calibration sequence
o 1t 2 s 4.5 6 7 8 is started again.
Time (Msec)

Figure 6 Simulated PLL jitter when a trigger pulse occurs

The system stimulus can be chosen clean or noisy to
study the low frequency noise filtering properties of the
PLL. Random triggers, i.e. missing clock pulses, can also
be programmed in the clock sequence to simulate real
LHC conditions. The simulated response to a missing
clock pulse is shown ifrigure 6 when filter parameters
corresponding to the actual implementation are used in
the simulation model.

2.3 AUTO-CALIBRATION PROCEDURE

To accommodate for process variations and devices NO

parameters changes due to radiation damage an auto- lp'<tp™
calibration procedure has been implementedridure 7-
(a) it is represented a typical relation between the VCO YES

frequency range and the loop filter voltage.Figure 7- |,"<I may | = max
(b) it is represented the type of transfer characteristics High Gain
implemented in this design. The VCO has a small gain
(Kvco) and its operation frequency is a function of the
PLL control voltage (¥) and of an offset currentgflsuch
that

Calibration

fyvc= Kveo Ve + (1) failed

As can be seen in the picture only some of the curvé&sgure 8State transition graph for the autocalibration
will allow the PLL to lock at the required 40.08 MHz procedure
frequency. Therefore at the start-up (or each time a reset
is received) it is necessary to select the suitable locking Once the lock is achieved the phase detector - which
range. To do this the calibration procedure shown inp to now has been operating in the phase-frequency
Figure 8is executed. mode - is switched to the phase detector only mode.

The offset current {) of the VCO delay cell is The auto-calibration process is stopped and all the
initially set to a minimum value {) and the PLL is ASIC functions are enabled.
allowed enough time to lock.



3  |MPLEMENTATION Recent results have confirmed the potential of this

The IC has been submitted for fabrication usif@g25 appro_ach, and have demonstra_ttgd _design solutions in deep
m CMOS technol bl nd implemented usin submicron technology that minimize total dose effects
H echnologyTable J a plemented Using and the risk of Single Event Upset (SEU).

rad-tolerant layout techniques [S, 6]. A previous prototype version of this IC was fabricated

Radiation tolerance of integrated circuits is a primarY . .
. . : . n a commercial 0.8um BIiCMOS technolo 8],
concern in future high-energy physics experiments. resulted in an area of 2&6x2.1 mmhere roughlygr{alg C]Jf

the area was used by digital standard cells. In this new

Prototype version in 0.8m | Prototype version in 0.24m version Figure 9 the area occupied by the digital
BiCMOS, 2 level of metal] CMOS, 3 level of metal, standard cells has been reduced by a factor of 8 while the
2 poly 1 poly full custom part is reduced by a factor of 2. Moreover,
Power supply=4 V Power supply=2.5 V due to the reduction of power supply voltage the power
Areacnp core= L6XL3 Ml | Aréacnp core= 0.9X0.8 mrf consumption has been reduced by about 40 %.

Areasiandard celF A Areastandard cei A/8

Areary custom par= AC Areary custom par= Ac/2 4 CONCLUSIONS

Available Submitted for fabrication

A PLL-Delay ASIC for clock recovery and first level
Table 1Technology features trigger decoding in the CMS tracker has been designed.
The IC has been submitted for fabrication using a

Although radiation hard technology exists, they do nstandard 0.2um CMOS technology with a rad-tolerant

always provide: layout. The ASIC provides a clock signal with adjustable
- adequate density; phase in steps of 1.04 ns and a trigger signal with phase
- high volume, high yield and low cost per wafer. programmable in multiples of the clock period. An auto-

In addition, in a deep submicron technology justalibration circuit is used to obtain low jitter avoiding
because the power supply scales down the powdependency on process and radiation induced damages. A
consumption decreases. numerical PLL model was implemented to study the

On the other hand the ultra thin oxide of deeglynamic behaviour of the PLL and to allow optimization
submicron technologies is inherently tolerant to total dogef the loop parameters.
effects reducing significantly the radiation-induced
changes of transistors parameters. Moreover, by
employing enclosed geometry and P+ guard-rings aroufsl REFERENCES
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