This is the final peer-reviewed accepted manuscript of:

M. Crescentini et al., "Experimental Assessment of a Broadband Current Sensor based
on the X-Hall Architecture," BCBC% 1DDD% 1-&'0-*&#,-*.% 1-$&07?('-&*!
E*$? 0'("-&%!'="-,.,8F%G,-/'0'-="%91BE!GADubrovnik, Croatia, 2020, pp. 1-6, doi:
10.1109/12MTC43012.2020.9128994. The final published version is available online at
DOI:

http://dx.doi.org/10.1109/12MTC43012.2020.9128994

#,-% *-

Rights / License:

The terms and conditions for the reuse of this version of the manuscript are specified in the
publishing policy. For all terms of use and more information see the publisher's website.

I"HSYHE (%) $%0+,)-.,*+'+9%6/0, (% 12HBOSHE 6% +H%7 . B&MO< <=0#$>2-#BD-#&<

When citing, please refer to the published version.




Experimental Assessment of a Broadband Current
Sensor based on the X-Hall Architecture

Marco Crescentini Roberta Ramilli

DEI, Cesena Campus

University of Bologna
Cesena, ltaly

m.crescentini@unibo.it

University of Bologna
Cesena, ltaly
roberta.ramilliz@unibo.it

Roberto Canegail Aldo Romani
Analog & Smart PowefR&D
STMicroelectronics
Castelletto, Italy

roberto.canegallo@unibo.it

University of Bologna
Cesena, ltaly
aldo.romani@unibo.it

Abstract—The X-Hall sensor is presented, characterized and
proposed as a viable architecture for silicon-integrated,
broadband, current/magnetic-field measurements. The X-Hall
architecture overcomes the methodological bandwidth limit of
state-of-the-art Hall-effect sensors by replacing the typically
used spinning-current technique with a DC bias-based, passive
offset compensation technique, which is less effective from an
absolute standpoint but presents the key feature of being
frequency independent.

Three different prototypes have been realized and
experimentally characterized in both static and dynamic
operation. Static characterization demonstrates a competitive
residual offset of the X-Hall sensor with respect to spun Hall
sensors operated at high frequency. Even though physical
simulations reveal a theoretical bandwidth of 200 MHz for the
X-Hall sensor, experimental dynamic characterization on the
prototypes identifies the presence of additive dynamic
perturbations limiting the sensor bandwidth, which are
attributable to the practical implementation of the prototypes.
However, it is possible to compensate these perturbations
through a vector differential measurement model, so that a
bandwidth of 4 MHz is demonstrated, which is the broadest
bandwidth ever achieved by a Hall-effect based sensor, to the
best knowledge of the authors.

Keywords—broadband current measurement, Hall effect, Hall
probe, current sensor, magnetometers.

|I. INTRODUCTION

There is a general emerging need in power electronics
detect and measure fagirying current@ndmagnetic fields
This need is driven by the development of innovative powe
devices, which are able to operate at higher frequencies al
higher power ratg and the emerging of very fast respons
(VFR) applications, such as dynamic voltage scaling i

microprocessor$l] andhigh-frequency AC inverterf2]. In

VFR applications, the power converter must be able to track .
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the power device would have considerabipacton the final
application since it allows to reduce the occupied space and
the weight of the final system, and it is less sensitive to
external interferencés The Hall-effect sensor is a viable
technology to achieve integration with the power deice,

it is usually limited in bandwidth to hundreds of kHz or,
maximum, 1 MHZ3]-[5].

This paper presentsthe X-Hall architecture and
experimentallyinvestigats its potentialitiesand weaknesses
The X-Hall architectureaims atwidening the acquisition
bandwidth of Hall-based current sensoby removing the
spinningcurrent technique and minimizing the capacitive
load seen by the Hall probBlinimization of the capacitive
load is facilitated by the remal/of all the switchesequired
by the spinningcurrent techniqueAt the same time, the X
Hall sensollowersthe high intrinsicoffset of the Hall probe
by using passive offset compensation at the probe level, in
contrast to[6] where it is mplemented at the sensor level.
According to [5] and [7], replacing the spinningurrent
biasing witha purely DCbiasingallows the Hall sensor to
theoretically achieve a hdwidthof tens to hundredsf MHz.
Concurrently, the XHall sensor must demonstrate to be able
to reduce the intrinsic offset to acceptable level.

The X-Hall theoretical ideavas presentedor the first
time, at the 2018 IMEKO World Congre$8] with a limited
set of preliminary experimental data In this paper,an
exhaustivestatic and dynamiexperimentakharacterization
Qirried out on manufactured prototypeis presented and
discussed. Section Il describes ttieeory of the XHall
Ar hitecture[8], detailing thepassive offset compensation.

atic and dynamic characterizations of the implemented

espectivelyFinally, conclusions are drawn in Section V.

THE X-HALL ARCHITECTURE

the target output voltage in the microsecond and beyond, thus

requiring a fine time resolutiomithecurrent measurement

Standard solutiongor broadband current measurement
imply the useof AC-coupled coils, which are cumbersome
and lose DC information on the current/magnetic field.
Integrating the current sensor in the same chip together wi

A. TopologicalAspectof theX-Hall Probe

The X-Hall probecould bereaized in standard silicon
technology €.g. BCD8 smarpower technologyby a lowly
doped rtype well surrounded bygrounded-type well The

se of an frwell as the active sensing regispreferdle to a
p-well because it presents higtenrrentrelated sensitivitys

1 power systemare usually employed in very noisy environments. For

instance, inverters used with motors in electric vehicles suffer from strong

electronic interferences, vibrations, thermal stresses, etc.
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according td4] and[5]. The encapsulation of thetppe well ~ The presence of a magnetic fiedd, which isorthogonally
in the ptype well isunavoidablesince it assures electric applied to the plane identified by the active regimeates a
isolation from the substratAn example of theertical section current imbalance and the Hall voltage appears between
of the probe is shown iRig. 1-a. contacts 1 ad 2, so thaa = Vu. Asymmetries alog the
horizontal axis, as well agjlobal inhomogeneitieqe.g. a

In the X-Hall architecturethe active region isctagondly e : - = -
shaped and accessible by a total of 8 contacts: 4 large contac §|st|V|ty gradient)gives origin to amdditive offset voltage

(B, T, L, R) used tdiasthe probeand 4 small contactd (2, N
3, 4) used to sensthe Hall voltage.A top view of the V, =V, + V. €))
octagonaHall probe is shown ifFig. 1-b. In contrast to spun

Hall sensorthe contacts are dedicated to a single purpose |nner probe B behaves in the same identisahner but
(biasing or sensing) so that thegncbe optimized according generates #dall voltage with opposite sign, since thiab

to their specific functionThe bias contacts are largzed to  current flovs in the opposite direction. Thus, voltage can
minimize the access resistance and are orthogonally orientgg \written as:

to the edges of the probe so as to maximize the sengjéijity
The sense contacts are sngafled to minimize the parasitic Ve

capacitance associatadth the contactand to maximize the Vo=V + Vs (2)
sensitivity [9]. Sense contactsannot be shrunkod much,
otherwisgthe intrinsic offset of the probe will be deteriorated

[9].

whereit is reasonable to assume that the offset voltgfle

even though different in valuéas the same sign of."

B. Biasing Scheme and Passive Offset Reduction given thatthe two innemprobes share the same active region.

In the X-Hall configuration, wo equal DC currentd{=  Tnyg itis very likely that thmainsource of offset is the same
|s) are fed to two opposite bias conta@gy( T and B) while iy poth the inner probes.

the other two bias contacts are connected to ground eugd

L) and all the senseontacts are electrically floatinghis The X-Hall architecture is completed by a cross
biasing schem¢Fig. 1-b) geneates a global current density connection of the sense contacts alamth the diagonal
distribution with uniform magnitude along the inscribed directions (i.e. 1 with 3 and 2 with dgttingthe equality
circumferenceyet exciting four orthogonal directionsH{g.

2). From a general perspective, this biasing scheme vV, =-V,. 3)
concurrently polarize the sensor in four orthogonal

directions, like a “static” current-spinning technique. ynder the hypothesis of concordant offset voltages and

Actually, the orthogondias currents flown different regios substituting (1) and (2) into (3), théheonly possiblesolution
of the probe, thuysit is reasonable to assume thiae local g (3)implies the equality

inhomogeneities wilhotbe corrected.

According to this biasing scheme, it is also possible to Vé? =Vé2) =0 V. 4)
identify two inner Haleffect probes inside the octagonal
active regionOne inner probe (probe A) is placed below the
horizontal axis of symmetrof the global probevhile the
otherinner probe (probe B) is plad@bove the same axis of
symmetry(seeFig. 1-b). These two probes are biased bg t
same nominal curremtilueand share the bias contacts L and
R. Each inner probe works as a current splitting -etiéct
sensor. In case of zero magnetic figtdl assuming a complete
symmetry and homogeneity of the active regite current
densityJa splitsinto two equal current densitigks,. andJar
and the voltage potentigh between contacts 1 and 2 is zero.

From a physical perspective, the cross short circuits add a
boundary condition to the net charge distributibat forces

the minimization of the offset contributions to voltaygsnd

Ve. More precisely, if the physical origin and sign of the offset
are rigorously the same for both the elemgngaobesthen

the only value of offset that satisfies both the sygtry of the
probe and the boundary condition imposed by the short
circuits is zero.Actually, there will alwaysbe present
uncorrelated local defects or asymmetries that lead to a
residual offset voltagd Vos that adds to the voltagéone =

Probe B | J Va = -Vz.
B
- p-well Current density (A"cm”-2)
S|I|.con 1% metal layer 2.000e+03
oxide 1.380e+03
1.104e+03
8.282e+02
5.524e+02
n-well —‘l: .2.767c+02
)& 1.000e+00
p-well
n-isolation
p-substrate
a) b)
lag Probe A
Fig. 1. (a) Vertical crossection of the XHall probe showing the
encapsulation of the active magnet@nsitive region by a B
surrounding pwvell and highlighting the presence of parasit
capacitance due to the reverdedsed junction. (b) Top view of iq. 2. TC imulati fth distributi h |
the X-Hall probe showing its geometrical design. The figure a Fig. 2. Tb AD S”Tg_‘ atllon 0 ht ?ﬂml‘lrg?nt_ Istri r‘]mon oger/t;\ eagina
shows the connection of the bias contacts and thnab current probe accordingly to the-Kall biasing scheme (S90A currens

densities flowing through the probe. injected into B and T contacigth nomagnetic field applied).



Sensor 2

C. Bandwidth Enhancement Sensor-1

Papers[5] and [7] recognize four bandwidth limits %
(ordered by decreasing frequgid) aphysicallimit at 1 GHz I
and above set by the relaxation time of the charge carrie
[10]; ii) afundamentalimit set by the intrinsic capacitance
created by the encapsulation of the active region irtyp@
well (see Fig. 19); iii) apractical limit set by the capacitive
load added by the electronic circuits connected to the prob
and iv) a methodologicallimit set by the spinningurrent
technique[11]-[13]. This last limit is a soft one becaud
represents the abrupt degradation of the effectiveness of t
spinningcurrent technique in offset reduction when it is
operated at high spinning frequencies.

Vour
DDA

I
Bias 2
generator
I

— e = .-;-——d/
! Copper metal stip |
I S

Fig. 3. First silicon chip realized in BCD8 technology fr

The passive offset reduction provided by theHxl STMEAO?'GC"O”iCS-dTh? Ch:p it?]tegfifes fWT_";;“ sensor prototype
H H H H H sens IS cCoOmposea of only the octagonal probe with al
archlt_ecture allOWSge.ttmg rid of th.e splnnln_gcur.rent contacts accessible; sengbis composed of the -Mall probe, tle
technique, thus removirthemethodologicabandwidth limit. generator of the bias currents and a DDA.
Moreover, the spinningurrent technique is usually
implemented by a great number of switches (of laiges) (Thermostatic)

and dedicated circuits that addeir own capacitive load. |
Thus, renoving the spinningurrent technique has also a channel B —>—T—ATN
beneficial effet on thepractical bandwidth limitby reducing Smu grmmmr™| A E‘ ‘=] mebe/‘
the overall capacitive load. To further push pinactical limit a) DJ aun=20
to higher frequenciesa differentialdifference current
feedback amplifier (DBFA) with reduced input capacitance

inside

DMM

was designed. The differentiabltageVprone at the output of
the X-Hall probecan be directly connected to the gate of the
input transistors of the DDCFEAthus only the gate
capacitance, which was minimized, loads the Hall probe
Moreover,the currerffeedbackopologyallows realizingan
amplifier with adequate voltage gain and wide bandwidth

which is challenging to be implemented in sm@otver
technolwies. b) Shamber
Il. STATIC CHARACTERIZATION Fig. 4. (a) Setugmplemented for the estimation of tbéfset and its tim
dispersionschematic diagram and (b) photograph.
A. Prototype and Measureme8etup voltage athe output of the Hall probe waneasured by using

A first realized silicon chipimplementstwo different  the 8! -digit Keysight 3458A digital multimeter(DMM) set
prototypes (Fig. 3) The first prototypgsensorl in Ag. 3)  at theminimum range of 100 mV, with mteduncertainty of
consists of the octagonal Hall probe with all the bias and sen®e7 uV. The sensor prototype walaced inside a thermostatic
contacts accessible from the outside of the cHipis chamber with a temperature of 28D(C. No current flowed
prototype was specifically designed better estimatehe  throughthe copper metal strip tmodel the output voltage of
offset of the XHall probe.The polarization of the surrounding the probe as:
p-type well is kept separated from the substrate potential and
can be arbitrarily set at a voltage pdtainower than ground v
In the following teststhe ptype well is kep connectedo
ground. A copper metal strip on the last metal layer is used to ) - . .
create a patfor high-value currengeneratinghe magnetic whereBearth is the earth magnetic flekeistlmath according to
field to be measured:he second prototyp@asor2 in Fg. the International Geomagnetic Re_ference FikRE) model
3) integrates in the silicon chip a bias citcand a simple @Nlbias= 14 =1e. From (5), the residual offséi¥’osof the X
differentiatdifference amplifiefDDA) together with the X Hall probe can be estimated by directly measuring the output
Hall probe. The integrated generation of the bias currenfoltage of the prob_e and subtracting the estimated effect of the
ensures lower noise and interferenombile the amplifier ~ €arth magnetic field.The measurement procedursas

allows measuringhigher output voltagesvhich are easier to 'éPeated over all the2 available samplegith Ipas = 1 mA.
measureThe silicon chip incapsulated into a power small 1he estimated mean residual off$et0.513(13) mV with

outline (PSSO) package for better thermal management. ~ Standard deviation df mV over the sample populatiomhis
valuecorrespondto a mean inputeferred offset 0f2.05(5)

B. Residual Offset mT. The numberof availablesamples isnot sufficient to

The setupimplemented for offset measuremeistshown ~ Provide a comprehensive statisticalalysis of the residual
in Fig. 4 where the first prototype wausedto avoid Offset;nonetheless preliminary study on the effectiveness of
introducing nonvidealities and offsets from the integrated the X-Hall probe can stilbe undertaken.
amplifier and to ensure better control of the bias curréis Compared to the statd theart [3], [4], [11], [14], the X
sensowas mounted on a spring socket for statistical testing 5| sensor has a residual offset that is considerably higher
on all therealizedsamples A two-channel 2602Bsource ;¢ this is related also to technological and implemimtat

measurementinit (SMU) was used to bias the Halfobe with  qpects. To correctigssesshe effectiveness of the Xall
two nominally equal currentis, = Is. The differentialVprobe

= A\/Osdl_ SI Ibias Beanl (5)

probe



sensorit must be compared to a Haffect sensor realized in  voltageVour at the output of ta amplifier wa recorded by the
the same silicon technology. Ifb], a spinningcurrent  Keysight 3458A DMM.

operated Haikffect sensor implemented in the same BCD The static characteristiover the 10 A20 mT)input

technology was prested and characterized. It showed angewasmeasured for two biasurrens, lnes = 0.9 MA and
1 1 las — .
mean inputreferred offset that ranged between 350 uT (whe oo = 0.5 MA. and isshown inawFig. 6The total estimated

operated at low frequencies) and 17 mT (whearajed at g . .
g 3 sensitivity G is 36 mV/A and 23 mV/A, respectively. These
frequenciesiigher than 1 MHy. The X Hall sensor prototype sensitivity values take into account the curtenamagnetic

shows higher offset if compared {6] when the latter is [ X o
operated alow frequenciesout featuresmuchlower offset if  1eld transductiorGis, the sensitivity of the Hall proli, and
the gain of the electronic amplifi@¢.e:

compared to[5] when operated at higlfrequencies. In
summary, the XHall architecture offers raintermediate
effectivebut stronglyfrequencyindependentffset reduction
allowing for much wider acquisition bandwidthwhile
preserving basically the same offset rejectiapability Thus, By assumingGis = 2 mT/A andGge = 100 V/V, then the
the X-Hall sensor is an interesting solution when the finalsensitivity of the Hall probe is 180 mV/T fbgias = 0.9 mA
application requires high operating frequencith a still  and 115 mV/T follhias = 0.5mA, corresponding to a current
acceptably lowoffset related sensitivity

G:Gm'Gh'GELE' (6)

Short and longterm stability of theoffsetis even more
important than the estimated offset valusince onepoint S G, 7

correction is easily implementable. To assib& longterm |
stability of the residual @det, a single chip prototypeas
placed inside the thermostatic chamber, with temperatire anging betweer200 V/AT and 28 V/AT, which is in
to 25.0(3) iC and constantly biased and monitoredar  54reemenwith the state of thart[5], [15], [16].
days, with a sampling time of 10 minutd$e recorded time
dispersion of the offset voltage is reportedrig. 5, showing
a stable residual voltage with a maximum variatior2@f)
LV, which corresponds t80(16) {I. This is a promising A Prototype and Measureme&etup
result althoughalonger recording is needed to assure the low To correctly assess the dynamic performance of thiaK
time dispersion of the residual offsEtvaluation of the short  architecture, a third prototyp@sensor3) was realized on a
term stability is also required to prove the general stability oflifferent silicon chip. This prototygdeas the same architecture
the offset in the XHall sensor. of sensoi2 butreplaces the standard DDA with a broadband
. - currentfeedback differentiatlifference amplifier (CFDDA).
C. Static Characteristic Currentfeedback amplifiers allow to achiewemuch higher

The datic characteristic veaevaluated on thprototype  bandwidth but sufferfrom higher offset and noiseThe
described in Section HA assensor2. A KeysightE3633A  CFDDA used in this prototype has a closedp bandwidth
power supply wa connected to the copper metal strip throughof 65 MHz asfrom simulation results. The-Kall sensor chip
a 1-Q 50-W resistor to generate an input current whidésr  was mounted on a dedicated board with reduced dimensions
measured by using a 6dligit Keysight 34401 DMM.The  and improved signal integrity solutions (e.gcoplanar strip
current flowedhrough the copper metal strip placed above theor the delvery of the highfrequency input currg, theuse of
Hall sensoand generatea magnetic field with a transduction capacitor arrays on the power suppligs minimization of
factor of 2 mT/A (data from physical simulationShepower  indudive parasitics at board level, gtcA photograph of the
supplywas progammed to generate pulsed curreffisn =  realized test boardogether with the measuremesgtup is
600 ms duty cycle =1 %) to not cause excessive heating ofreported in Fig. 7
the sensoloverheatingcontrolled to be undeb {C at the
packagesurface, since the realized prototype is not provided
of a temperature compensatiorcaits (which is standard and
it is not interesting for the scope of this manuscript). The

bias

IV. DYNAMIC CHARACTERIZATION
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B. Transfer Function

The transfer funion (TF) wa estimated by applying a
200-mA-amplitudesinewave at known frequeiesto a 50Q
resistor connected in series to the copper metal strip on the t
of the metal stack inside the silicon chip. The sinewave i
generated by the Keysight 81150A arbitrary function
generator (AFG) andhonitored by the 108AHz bandwidth b v
N2783A current probe connected to the Keysight DS09254, /‘ —

; : | ommercnal
oscilloscope. The output of theball sensor (i.ethe voltage sl
Vour at amplifier output) is synchronously acquired by the
same oscilloscope sampling at mean ra& of 1 GSa/s. Fig. 7. Measurement setup and test board used for the dy
Coherent averaging over multiple acquisitions is performedt  characterization of the -¥all architecture by usinghe senseB

=l |

o . i M

improve the final resolution of the measurement. Findlly prototype.
estmation wa performed inMATLAB . The measurement .
setupexcited the sensor withpproximately 10frequency 10 ] B I I AR L B R

pointsper decade from 1 kHz 0 MHz.

Fig. 8 shows the estimatdd- for different bias currents.
The absolute value of thew-frequencygain is slightly — —
different from tfat reported in Section HC since the two < 102
measured values belong to two different prototypes%
Increasing the bias current boosts the-foyquency gain, as —

LN 200 mA

also expected from static characterization. At highe = Lpjas = 0 mA
frequenciesthe TF rises by about 20 dB/decatige to the O L = 0.3 mA
presence cddditive perturbativesffect, whichare not related 0 I = 04 mA
to the XHall architecture but deperah the implementation 10 L oS mA
of the prototypésee below for brief discussiofjo prove this oias
statementthe same measurement procedures wepeated oo snd e ol e e ool
with no bias currenflowing through the Hall probe, thus 103 10* 103 10° 10
nulling themagnetic field and thilall voltage. Moreover, all Frequency (Hz)

the bias contacts of the proberedirectly connected to the
same voltage provided by an external voltage genenator
order to null the offset voltage, to The result of this

measurement is shown by the black line in Fijgvi@ch still

Fig. 8. TF of X-Hall sensof3 prototype estimated for different k
currents.

3 — ——
presents thearasiticbehavior at frequencidggher than 200 10 F ! ' 3
kHz. As a result, the output of the realizedH4ll prototype [ ]
can be written as: r 1
VOUT =G- IIN +AV, (®) g I |
e

where AV represents thesuperposition of thedynamic — 10 F
perturbatios. S

The physical origia of these parasitic effect are still I
under investiggon. They could be ascribed toinductive L
coupling between the copper metal stiip which the input
current flowg and the input nodes of the CFDDAr to a 10! R B S S T TT1 R S I E T R R SR
capacitive coupling to the internal power supply rails tha 103 10 10° 108 107
reverberates across the CFDDA, whicls laapoor PSRR at Frequency (Hz)

high frequenciesor even a combination of both effects

Regardless of the physical origin of the perturbative effect, Fig- 9. Estimated TF of the >all sensor after dembedding of tr

is possible tocompensatefor it by a vector differential dynamic perturbation.

procedure leading to the following'F of the X-Hall sensor higher than 10 MHz becomes so high to make the results

as unreliable Nonethegss to the best knowledge of the authors
4-MHz bandwidth is théroadesbandwidth ever achieved by
_ a purely Hall-effect based sensalthough still far from the
Voo (F)=AV( ) lall-effect based sens .
G(f)= (9)  resultachieved in simulatiothat isvery close to theractical
I (f) limit. Fig. 10 reports the simulated dynamic response of the

X-Hall outputvoltage to a 54nT step of the input magnetic
Fig. 9 reports the result of treompensatiorprocedure field att = 0 s. The simulatiotookinto account a bias current
modelled by(9). From this experiment it is possible to of 500 pA and an equivalent input capacitance of the
appreciatean acquisition bandwidthdefined as a -8B  electronic amplifier of 500 fFThe simulation was realized by
deviation from the flatnesxf about 4 MHz Due to the using Sentaurus TCAD with the model describefBjnand
differential nature of theompensation techniquescribed by [17]. According to the simulation result, the-bkall sensor
(9), the relativauncertainty of the estimated TF for frequency could ideally achieve a bandwidth higher than 200 MH if
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