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ABSTRACT. The power distribution systems considered for the ATLABeinTracker Upgrade
include linear voltage regulators on the front-end chipsthle paper we present two designs: a
classical voltage regulator based on an NMOS transistdreapdss element, and an LDO voltage
regulator employing a PMOS device. Both prototype regusattave been implemented in the
130 nm CMOS process and are foreseen to be integrated in ti@&l2@front-end chip. In the
paper the designs as well as the pre- and post-radiatioretasts for both prototypes are presented
and discussed.
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1 Introduction

The lifetime of the present ATLAS Semiconductor Trackerl Wi limited due to the radiation
damage to the silicon strip sensors as well as to the fromtedectronics. The expected ten-fold
increase of the nominal luminosity after the LHC High Lunsitg Upgrade will results in propor-
tional increase of radiation levels in the Inner Detectgior. In order to provide the same pattern
recognition capability at much higher density of partickcks and to increase the radiation resis-
tance of the new Inner Tracker a ten-fold higher granulaaipproximately, will be required for the
silicon strip detectors. Increasing granularity of thessea will result in proportional increase of
the number of front-end electronics channels located odéector modules.

The concepts of the detector modules for the future Inneckbaare well advanced and pro-
totype modules have been built already 2], though using an intermediate development version
of the front-end chip ABCN253]. The increase of the number of front-end channels puts-stri
gent constraints on the power dissipation in the front-drnigscand on the efficiency of the power
distribution system, which introduces large amount of maltéto the tracker volume. Currently,
two alternative power distribution systems are being dgped; a system with serial powering of
silicon strip detector modulegl] and a system with one or two DC-DC conversion stages placed
on the detector module8][ For each of these two possible systems linear voltagdatays will
be integrated in the front-end chip.

A new front-end chip ABC130 being designed in a 130 nm CMOS@se is compatible with
either of the two powering schemes. In this paper we repottvandesigns of the linear voltage
regulators using the 130 nm CMOS process to be included ilB@130 design. Both voltage
regulators are meant to maintain a constant voltage of 1.2tffeaoutput. The nominal output
current is assumed to be around 70 mA.



VDD

[ Error
Voltage Veer R R, Amplifier

Reference V vy vy
Y,

EXT

|
!
‘
[ Menssi
!
!

1 l
|
|
Tcm chz SRy | =FCour
|
i VOUT

i
i
i

% Rez Resr
|
i
|

ONCHIP | OFFCHIP

=

Figure 1. Schematic diagram of the linear voltage regulator prgietyased on a zeMy n-channel pass
transistor.

2 Low-dropout regulator using an n-channel MOS device for voltage regulation

2.1 Design of the NFET-based voltage regulator

The first of the two linear voltage regulators presentedisghper is based on a zevig:n-channel
pass transistor. Figureshows a schematic diagram of the proposed classical lirdtge reg-
ulator. The design consists of the following blocks: bamdgaltage reference circuitry with the
RC filter (R, Ry and Q), error amplifier, pass transistor gk, resistive sensing network R
Rr2), compensation network ¢, Cco) and external output capacitopGr (with non-zero Rsg).

The voltage reference circuit is expected to provide a emisioltage of 637 mV. In order to
assure good reference voltage quality the output from timeldegp circuit is additionally filtered
with a passive RC network consisting of two identical ressti{R, = R, = 50kQ) and capacitor
Cy = 1 pF, fully integrated on the silicon die. The compensatietwork is necessary to obtain the
stability of the presented voltage regulator and it is sealiwith two capacitors (& = 2 pF and
Cco = 1.2 pF). Both capacitors are also integrated on the chip. Tingrsg network is realised with
two polysilicon resistors R and Re,. The ratio of these two resistors defines the output voltage
according to the following formula:

R
VOUT:VREF<1+ R—Fl> ; (2.1)
F2

where \pyr is the output voltage andpéris the stable reference voltage provided by the bandgap
circuitry. Output voltage of 1.2V is obtained fori¥ R of 0.884. The resistor values have been
arbitrary chosen to bed2=50kQ and R, =56kQ. The load of the regulator includes a large
capacitor Gyt = 100 nF. This capacitor is too big to be implemented on the shijit will be
implemented as a small external SMD component, e.g. in tickage 0603 or smaller. In the
circuit used for simulation a resistorzRz of 10 mQ is added to take into account the effect of the
Equivalent Series Resistance (ESR) of the capacitor. The\af Resg may vary significantly
depending on the type of the capacitor technology and thermedt capacitors should be selected
according to the Rsr.

The error amplifier consists of three main blocks; the cumreference circuit and two ampli-
fying stages. A detailed circuit diagram of the error ameitifs shown in figur®. The biasing cell
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Figure 2. Schematic diagram of the error amplifier used in the linedtage regulator based on the NMOS
pass transistor.

Figure 3. Layout of the linear voltage regulator employing a z&;pNMOS transistor as a pass device.

is realised using a threshold-referenced topology withrgpk startup circuit. Th®,-referenced
source techniques] has been used to generate a constant current independbatsofpply voltage.
The first amplifying stage is implemented using a foldedzode topology with the NFET input
pair. Additionally, a significant boost of the voltage gaiitheut loosing the amplifier's bandwidth
has been achieved by applying the gain-boosting technibfue output stage is built as a classical
source follower 7] based on g-channel transistor. It provides a shift of the DC level angesb

the large gate capacitance of the pass device.

The layout of the regulator is shown in figuBe The design is compact and occupies an area of
around 0.1 mrfi(520um x 200um).

2.2 Test results of the NFET-based voltage regulator

In order to evaluate the performance of the voltage reguldi® following characteristics have
been measured: DC transfer characteristics, DC outpubctaaistics, and transient response to a
step of the load current. The irradiation tests have bedonpeed using the CERN in-house X-ray
generator. The prototype chips with the voltage regulatsse mounted on PCBs and irradiated
up to a Total lonizing Dose (TID) of 200 Mrad within around 6&uns and then annealed at 1Q0
for 168 hours.

The very first pre-irradiation measurements showed thatrdference voltage in all tested
bandgap circuits was systematically lower by about 40 mV amjarison with the expected
637 mV. In addition, we observed that the value of the refezarltage increased monotonically
with the TID. Therefore, the transfer and output charasties shown in figurél were measured
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Figure 4. Transfer characteristics (left) and output characteggright) of the classical voltage regulator
measured before the irradiation, after 1 Mrad, 10 Mrad, 2@@dwf the TID, and after annealing.

with an external reference voltage in order to separatesttiation effects in the bandgap reference
circuit and in the regulator itself.

The transfer characteristics was measured by sweepingl voltage from 1.2V to 1.6 V
and measuring the output voltage. This measurement waategpafter each irradiation step and
after annealing. The test was performed for the regulatatdd with a current of 70 mA. The slope
of the transfer characteristics does not change noticestdy irradiation. The regulator provides
a stable output voltage of 1.2V for the input voltage randimgn 1.3V to 1.6V, the maximum
supply voltage at which the thin gate oxide MOS transistoay be operated. The dropout voltage,
the minimum source-to-drain voltage at which the pass istorsstill regulates the output voltage,
is 100 mV.

The output characteristics shown in figuteallow us to estimate the DC output resistance
of the regulator. The characteristics were measured bymgptlifferent load to the output of the
regulator and monitoring the output voltage. The outputentrwas varied from 40 mA to 100 mA.
The extracted DC output resistance is 3 and it does not change noticeably after irradiation.
From simulation the output resistance was expected to bat 90 Q. The difference between
the simulated and the measured output resistance may ballpakplained by the resistance of
long traces on silicon and on the PCB. In the final impleméahe regulator will be integrated
on the same silicon die as the analogue front-end elecgamid the problem of parasitic resistances
will be significantly reduced.

The transient response of the regulator to a step of the loaént is presented in figuig
In order to obtain these waveforms the test setup has beeifi@ddoly adding a switched resistive
load in parallel to the nominal load resistance enforcirggdbnstant output current. For a 14.5 mA
step of the output current the output voltage changes by ¥.3%uch a current step corresponds
to the expected 20 % variation of the current consumptiorh@analogue front-end circuits of
ABC130. The extracted output resistance is 3&D,raimilar to the value extracted from the DC
output characteristics.

The presented results confirm good transient performandkeofegulator, which has been
achieved by proper design of the error amplifier. In the satiohs a unity-gain frequency of the
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Figure 5. Measured transient response of the classical voltagdategto a step of the load current.
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Figure 6. Schematic diagram of the linear voltage regulator prgetyased on p-channel pass transistor.

regulator of 126.5 MHz with a phase margin of#tas been obtained. This guarantees a fast and
smooth transient response without significant ringing.

3 Low-dropout regulator using a p-channel MOS device for voltage regulation

3.1 Design of the LDO voltage regulator

The second developed voltage regulator employs a PMOSdtanas a pass element. The output
voltage has also been set to 1.2V required for the analogygysuoltage of the ABC130 chip.
A schematic diagram of the proposed voltage regulator isvshia figure 6. The entire circuit
consists of the following blocks: bandgap voltage refeeeciccuit, RC filter (R, Ry, C1), error
amplifier, pass PMOS transistor k), sensing network (R, Rr2), compensation network (§/
Cr, Cc, Rs) and output capacitor &t. The load capacitor is 1 = 100 nF. Such a capacitor
has a non-zero ESR, which is very important for the circaib#ity.

The bandgap circuit is the same as in the previously presetdssical voltage regulator and
the reference voltage can also be applied from an extermatso The RC filter and the sensing
network consisting of resistorseR= 50kQ and R-» = 56 kQ are identical as well. The W/L ratio
of the PMOS pass transistor has been set to 15 mm{0r.2In order to provide unconditional
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Figure 7. Schematic diagram of the error amplifier used in the lin@#age regulator based on the PMOS
pass transistor.

Figure 8. Layout of the linear voltage regulator employing-@hannel transistor as a pass device.

stability of the system a slow-rolloff frequency compeimahas been introduced to the LDO cir-
cuit. The compensation network consists of the PMOS traordids (Ws/Ls = 1.0um/0.16um),
resistor B = 6kQ, feedback capacitor = 2 pF, and the compensation capacitqt € 1.2 pF.
The compensation scheme is based on the rolloff techniquiessibed in 9]. This technique
introduces a dominant half-pole whose magnitude rolls stih@ square root of frequency, giving
a phase shift of only 45 A half-pole is realised by alternating poles and zeros witlonstant fre-
quency ratio. A detailed analysis of an LDO voltage regulatcuitry employing the slow-rolloff
technique can be found id@]. The most important point of this design is the stabilityttod circuit
for a wide ESR range of the output capacitor.

The detailed circuit diagram of the error amplifier used ia DO is shown in figur&. The
design is very similar to the one used in the classical veltagulator. Small improvements have
been made to the bias of the cascode current source. In ardimctease the output resistance
of the second stage a super source follower has been usedirihlated value of the unity-gain
frequency of the regulator is 60 MHz and the phase margiroisecio 70.

The layout of the LDO regulator is shown in figuse The presented design of the LDO voltage
regulator is also very compact, with total area less thad ®u®? (190m x 200um).
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Figure 9. Transfer characteristics (left) and output characiegdright) of the LDO voltage regulator
measured before the irradiation, for the TID of 1 Mrad, 1081200 Mrad, and after annealing.

3.2 Test results of the LDO voltage regulator

Figure 9 shows the transfer characteristics measured for the LD@g®lregulator. The plots
show the curves measured before irradiation, after 1 Mr@dvirad, 200 Mrad of the TID, and
after annealing. The measurements were taken using amalteference voltage of 637 mV. The
regulated output voltage for the stablgg¢ remains close to 1.2V after all the steps of irradiation.
The measured dropout voltage is only 50 mV, so half of thahefgreviously discussed voltage
regulator. This results in a wider input voltage range fra@bM to 1.6 V.

The output characteristics presented in figlreave been measured for a supply voltage of
1.5V and an external reference voltage. The output resistantracted from these curves is
260 nmQ and remains constant after irradiation independently ef tiD. The measured output
resistance for the LDO regulator is about two orders of mtagei higher than the value obtained
from simulations. The discrepancy between simulation ardsurement can be partially due to
parasitic resistances in the test set-up and partially dust accurate models provided by the
technology vendors and used in the simulations. As has Hessdg mentioned the parasitic re-
sistances are expected to be reduced for the regulatorateegn the readout chip.

The transient response of the LDO to a step of the load custemwn in figurelO confirms
good transient performance of the design. By using a sinwitelsed current source a current step
of Aloyt = 14.5 mA was applied. The output voltage fluctuation caused bygliamge of the load
is AVout ~ 5.4mV. The output resistance extracted from this measuremearbund 370 1@,
somewhat higher than extracted from the DC output chaiatts:.

4 Conclusions

The presented voltage regulators have been optimiseddiegdo the power supply requirements
of the front-end electronics in the ABC130 chip being depelb for the ATLAS Inner Tracker
Upgrade. It has been demonstrated that efficient and radiatisistant voltage regulators can be
implemented in the 130 nm CMOS process and can be integnatdtkireadout chip. Both in-
vestigated architectures, the one employing a ¥gra+channel transistor in the classical source
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Figure 10. Measured transient response of the LDO voltage regulat@rctirrent step applied at its output.

follower configuration and the other employingpahannel transistor in the common source con-
figuration provide very low dropout voltages of 100 mV and 5@ mespectively. The tests of the
prototypes have confirmed correct functionality of bothtagé regulators. Both regulators meet
the requirements concerning the level of the output voltaggut current range and voltage regu-
lation. The irradiation tests up do 200 Mrad of the TID haveved satisfactory radiation resistance
of the developed circuits, provided a stable external esiez voltage is applied.
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