1582 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 36, NO. 10, OCTOBER 2001

CMOS Oversampling\¥ Magnetic-to-Digital Converters
Chien-Hung Kuo, Shr-Lung Chen, Lee-An Ho, and Shen-luan Member, IEEE

Abstract—n this paper, two CMOS oversampling delta-sigma TABLE |
(AX) magnetic-to-digital converters (MDCs) are proposed. The SOME PUBLISHED INTEGRATED MAGNETIC SENSOR SYSTEMS AND
first MDC consists of the magnetic operational amplifier (MOP) COMMERCIALLY AVAILABLE HALL MAGNETIC FIELD SENSORS
and a first-order switched-capacitor (SC) AY modulator. The
second one directly uses the MOP to realize a first-order SAY ~ Work Proposed Ref. [17] Ref. [6] Ref. [18]
modulator. They can convert the external magnetic field into Technology |CMOS0.5um |CMOS 0.7um|CMOS 0.8um BiCMOS
digital form. Both circuits were fabricated in a 0.5-um CMOS  Sensing Device MAGFET MAGFET __ |SSIMT and CCHD [Hall Plate
double-poly double-metal (DPDM) process and operated at a 5-V Range +100mT 0~800mT _[¥200mT +80mT
supply voltage and the nominal sampling rate of 2.5 MHz. The  Sensitivity 1327and 0.45  |0.03 Not mentioned 25
dynamic ranges of these converters are at least100 mT. The  (wmT)
gain errors within +£100 mT are less than 3% and the minimum  gyiem offset_|<0.5mT 0.2%(1.6mT) Not mentioned | Not mentioned
detectable magnetic field can reach as small as 1 mT. The res- o -~ 10bits (100uT) | 6 bits 11 bits (100uT)  1mT

olutions are 100 T for both of the two MDCs. The measured
sensitivities are 1.327 mv/mT and 0.45 mv/mT for the first and the

second MDC, respectively. Il. MAGNETIC SENSOR AND READOUT CIRCUIT

Index Terms—CMOS, delta—sigma modulator, magnetic sensor. The operation of MAGFET is similar to that of the Hall sensor

[7], [8], except that the resulting output signal is different: the
|. INTRODUCTION former is current, and the latter is voltage. Both of them output

ANY physical quantities in life, such as the magnetigignals proportional to the corresponding excitations. The con-

field, voice, light, pressure, and temperature, are cofave MAGFET device can be utilized, whose physical structure
verted to electrical signals with maximum possible accura®@s two splitdrains [9]-[11]. Under the condition of no external
and reliability [1]. Magnetic sensors can be found in many aplagnetic field imposed, it behaves as two MOSFET devices
plications [2]—[5], such as brushless motor controls, computegralleled with the same drain currents. When the MAGFET de-
storage devices, security detectors, automotive applications, ¥{g€ IS excited by the external magnetic field, current deviation
Hall devices are by far the most widely used magnetic sens§GEUrs, and one can convert this current to voltage by means of
today. Characteristics of some recently published and comm@@ readout circuit in [12]. The sensitivity can be obtained from
f:ially available integrated Hall magnetic field sensors are listed AV, R-Ai »
in Table I. S=—F—=—F5— (VI7) 1)

. . .. . . 1 1
Integrated microsensors with on-chip interface circuits are

currently replacing discrete sensors in view of their inheremthere
advantages, namely, low cost, high reliability and on-chip pro- B,  external magnetic field perpendicular to the surface of
cessing. To achieve small, robust, and inexpensive microsys- MAGFET,;
tems, it is desirable to integrate the magnetic sensor with dig-A¢  current deviation in split drains;
ital signal processing circuits. Magnetic MOSFET (MAGFET), R resistor used for converting current deviation to

though not outstanding in sensitivity, is sufficient to fulfill the voltage, AV, ;.
requirement of some applications, such as monitoring the exg@king the layout mismatch problem and optimal sensi-
sure to magnetic fields [6] and current sensing. tivity into account simultaneously, the aspect ratio of each

In this paper, twaly magnetic-to-digita| converters (MDCS)MAGFET device in the fO”OWing sections is chosen to be
with digital outputs being proportional to the external magnetid’/L = 80 xm/40 pm andd = 2 m, according to [13].
field are proposed. The first architecture uses two operational
amplifiers (op-amps) to implement the magnetic operational  Ill. M AGNETIC-TO-DIGITAL CONVERTERS(MDCS)
amplifier (MOP) and theA modulator; the second one Uses g architectures for MDCs are presented. The first one con-
the MOP to replace the op-amp of the integrator in thE gt of a magnetic field readout circuit realized by the MOP
modulator for further reducing power consumption and chigq a first-order\:: modulator. For the second one, the former
area. readout circuit is omitted, and the op-amp in the switched-ca-
pacitor (SC) integrator is replaced with a MOP. All the circuits
of the MDCs will be described in the following subsections.
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Fig. 1. Fully differential folded-cascode MOP.
voltage V,,, is added to the input of the MOP. So the outpu 800 1 @ Exp. (R2=100KOhms)
voltage of the MOP can be expressed as = Exp. (R2=220KOhms)
200 | 4 Exp. (R2=500KOhms)
AV = = = Sim. (R2=100KChms)
Vour = A+ (Vinr = Vin— + Vi) & — =Sim. (R2=220KOhms) -
. - . . . 20 | Sim. (R2=500KOhms) -
Here, A is the finite dc gain of this op-amp and, is the mag- - PN
netically induced voltage, which is proportional to the applie >
. . AVout (mv) 0 r
magnetic fieldB, , and it can be expressed as
4
Vrn = Srn . BJ_ (3) -200 -
wheres,,, denotes the conversion gain from the magnetic fiel 400 |
to the induced voltage. By connecting the MOP in a negativ
. . . . . A
feedback configuration, the linearity can be improved and or 600 ‘ ‘
can control the gain and sensitivity via resistor ratio. 100 50 0 0 100
A fully differential folded-cascode op-amp with common- B (mT)

mode feedback (CMFB) is chosen as the MOP, which is shown

in Fig. 1. When no magnetic field is applied, the output draifig.2. Simulated and experimental results of the inverting amplifier composed
currents of MAGFET are equal, which means that the voltagéa MOP and two resistord, = 1 k& andf; = 100 k&2, 220 k&2, and
difference between the two differential outputs of the MOP is k2, respectively.

zero. With such condition, the MOP works just like a general

op-amp. When a magnetic field is applied, there will be a cube trimmed by properly setting the bias voltage through variable
rentimbalance between these two drains. The voltage differemesistor network.

between the differential outputs;,;+ andV,,:—, will be gen- The simulated and measured results of the MOP as an in-
erated. In order to compensate the small offset inherently invarting amplifier are shown in Fig. 2. The simulation results are
folded cascode op-amp due to process variation, additional aoktained using the macro models of MAGFET in [15]. The lines
iliary input stage, mol and mo2, is introduced. The auxiliary diitnd the dotted points represent the simulation results and the
ferential pair inputs are pulled outside the chip so that they cerperimental results, respectively. From Fig. 2, one can observe
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Fig. 3. Implementation of the first MDC architecture.
that the measured results almost match with the simulated or ¢l N vref
The sensitivity is about 1.251 mV/mT when the feedback r l
sistorR, = 100 kQ2, and the grounde®; = 1 k2. WhenR, is ¢2 Vor  vref
increased up to 500k the sensitivity will reach 5.05 mV/mT. <
The MOP has the higher conversion gains than those of { __l(—l dis
MAGFET devices only. C1
y _\ Vo+
. . MOP
B. The First MDC Architecture l¢r R 5. comparator
The circuits of the first MDC are shown in Fig. 3. The transfe 3

2a
function can be derived as + Ve-
cla /GJ
. —]
Y = Vrn M <1 R2> Cl M z Cia VYo-
Rl 02 1+ (g_z _ 1) Z-1 (I)] l_-/.— Vref-
1

LE. ( _ Z—l) l . Vo:-_ Vref+
Cs _ -1
1+(; 1)2

where Fig. 4. Implementation of the second MDC architecture.
Y average digital output of the quantizer; .
. . . C. The Second MDC Architecture
Vin magnetically induced voltage on the input of the

MOP:; The circuits of the second MDC are shown in Fig. 4. The
magnetically induced voltadgé,, can be regarded as the voltage
o ) difference between two input nodes of the MOP in the SC inte-
£ quantization noise. grator. The quantized outpit will be
When choosing’; = Cs, (4) can be simplified as
(Cl =+ Cg)vm Cy (1 — Zﬁl)

= 6
R C CQ —+ (Cg — CQ)Z_]‘ CQ —+ (Cg — CQ)Z_l ( )
2 1
Y =Vm- <1 + E) <02> ZT'HE(Q-Z7"). (5) LetCs = Cs, and the following expression will be obtained.

(1 + g—f) gain of the readout circuit realized by a MOP;

The signal is amplified by two stages, thus one can relax the am- Y = <1 + %) Vm+E(1-271Y. (7

plification ratio requirement of each stage. Furthermore, from 2

(5), one can find that the quantization noise is first-order shapidte that the output” is proportional toV,,, and the quantiza-

as expected. tion error £ will be first-order shaped to high frequency, also.
To reduce the charge injection and clock feedthrough, tiée conversion gain is determined by capacitor ratio irrespec-

linear resistance transmission gate [16] is used in these circuiitge of resistors compared to the first architecture. Although the
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Experimental Results
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Fig. 5. Photograph of the first MDC. 4
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Fig. 7. The average value of the comparator output from measurement
(=100 mT < B < 100 mT).

10 1 Experimental Results P
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Fig. 6. Photograph of the second MDC. Approx fthe second MOC)

gain factor is less flexible than the previous architecture, it i
worth it to trade this for reduction of power consumption ant
chip area.

AVout (mV) 0

IV. EXPERIMENTAL RESULTS 7
Two MDCs have been implemented in a standard;015- 10 ‘
double-poly double-metal (DPDM) CMOS process. Thes 0 5 0 5 10
chips have been encapsulated in a standard IC package B (mT)

have been exposed to magnetic field in the range 0 mT.
This chip has been characterized by applying a dc magnetig. 8. The average value of the comparator output from measurement
field. The number of samples is 65536 points, which is large 10 MT < B < 10 mT).

enough for average accuracy while still maintaining a tolerable
AVout(mV)

measurement time. Through an off-chip up—down counte Experimental Results
the digital average value of the comparator is obtained aft¢ 10685 e DG 68
shifting the bits of the output code depending on the sample 1068 | o the second MOC NS L
numbers. The average value is then fed into a digital-to-analc 10675 | | .. Approx.(the first MDC) o (¥Y | 616
converter (D/A) to return to an analog voltage, whichisused & 1067 f | — Approx (the secod MDG) | " 674
our measurement result. 106.65 | /X 672
In the first MDC architecture, off-chip resistofs;, and R» 1066 | A o
are 1 K2 and 220 K2, respectively. In theA> modulator, the 10655 ‘,,/’*
capacitor values ar€; = Cy, = 3 pF andCy = Cs, = 1 pF. 106.5 7 68
A layout photograph of the first MDC scheme is shown106.45 66.6
in Fig. 5. The circuit (without pad) occupies an area ol 106.4 4 66.4
2.2 mmx 0.85 mm. 106.35 ‘ : 66.2
In the second MDC architecture, the capacitor values i 50 50.2 50.4 50.6 50.8 51

the AX modulator areC; = Ci, = 220 pF (off-chip) and B(mT)

Cy = Cs, = 1 pF. A layout photograph of the second MDC

is shown in Fig. 6. The circuit (without pad) occupies an ar@ag. 9. The average value of the comparator output from measurement

of 0.84 mmx 1.11 mm. Measurement results are shown {0 MT < B < 51 mT).

Figs. 7-9. The solid line indicates the approximated line of

the measured data for the MDCs. The dynamic ranges of thélse approximated line is under 3%, and the minimum detectable

converters are at least100 mT. The measured sensitivitieanagnetic field can reach as small as 1 mT. Further measurement
are 1.327 mv/mT and 0.45 mv/mT for the first and the seconslalso performed as shown in Fig. 8, where a smaller magnetic

MDC, respectively. The error between the measured points anaghge is imposed on this system, and the linearity of the transfer
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TABLE 1l
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Table I, which proves that the proposed MDCs are acceptable
in some practical applications. In the future, more elaborate
offset cancellation techniques and higher ordér modulation

can be included to enhance the resolution of the MDC.
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