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Abstract—Direct current measurement is one of the most
important control characteristics for DC-DC converters. This
sensitive method is used for current control of converters, which
is much faster and more accurate than voltage control. Unfortunately, the sensitivity of the current measurement is also its major
drawback. Especially in automotive applications, electromagnetic
interference of the increasing number of electrical appliances
severely degrade the performance of analog signal processing.
Having proven to be more robust and error-prone, digital signal
processing has to be preferred. This work presents a universal
high-side current measurement at automotive battery voltage
levels up to 24 V with direct analog-to-digital (A/D) conversion
in a 180 nm technology. The A/D converter has been realized
as 9 bit successive-approximation (SAR) ADC, with a sampling
rate of 10 MS/s to detect DC-DC converter switching frequencies
above 1 MHz. The combined circuit area of 0.2 mm2 dissipated
less than 2 mA at 1.8 V supply voltage. Simulation results of the
extracted layout reﬂect the transient waveforms of a DC-DC LED
driver during continuous and discontinuous conduction mode.

I.

I NTRODUCTION

In todays automotive electrical applications, battery power
management attains higher importance as a direct result of the
rapidly increasing number of on-board functionality. Modern
high- and mid-class cars not only introduce driver support
electronics like ABS, ESP or fuel consumption monitoring, but
also an increasing number of energy-intensive direct control
of critical applications. These applications include e.g. radar,
engine performance, or driver information & entertainment
[1]. The trend towards a more and more automatic driver and
information exchange within the car open up development of
two different ﬁelds to be combined into one genre. Typically
operating at a 12 V car battery voltage, electronic components
ﬁrst have to withstand voltages higher than 60 V for reliable
activity [1]. To keep up with the future car information technology, second, smaller technology nodes and higher system
integration are desired to keep the costs. This leads to the
combination of high voltage devices in a sufﬁciently small
technology node to use superior digital control on chip, as
it is typically presented in modern 130 nm or 180 nm CMOS
technologies. Besides of that, direct current measurement for
current control in many DC-DC converters have proven to be
more accurate and faster than their voltage control counterparts.
Fig. 1 shows a general principle of a high-side current
measurement technique across a shunt resistor, as it is widely
known in literature.
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Principle of high-side current measurement.

High-side current sense techniques as stated in Fig. 1
normally are purely analog in literature [2]–[4] and have
superior characteristics. They intend to drive analog-to-digital
converters (ADC) [2], but the drawback of these systems are
their big technology node ≥ 0.6 μm [2]–[4]. Suitable ADCs
for the suggested high-side current senses have not been
presented and the big technology node prevents them to be
fully integrated with digital signal processing on one chip.
Even if a second ADC integrated circuit (IC) is used, enormous
effort is necessary to realize the ADC, which is capable of
quantizing the high-side current sense full scale range. From
system perspective, it then remains unclear, if this amount of
system complexity and resolution is desirable to control a DCDC converter, or if a comparatively less accurate, integrated
high-side current sense with its ADC topology achieves the
same results.
Hence, current sensing and analog-to-digital conversion
stay separated and multi-chip solutions are the result. This
fact is a disadvantage when it comes to a reduction of the
form factor and costs.
By combining direct current measurement at battery voltage levels and a small digital integration, the control loop
is intended to be digitized as early as possible in the signal
chain to avoid coupling effects from the electrically polluted
automotive environment. Digital signal processing is widely
known to be more robust and error-prone than analog signal
processing and is preferred as soon as system complexity rises.
II.

P ROPOSED S YSTEM A RCHITECTURE

The proposed system architecture is illustrated in Fig. 2.
The topology consists of an active divider at the input, two
series ampliﬁer stages, the capacitor array of the successiveapproximation (SAR) ADC and the digital control domain.
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An external shunt resistor Rshunt of choice for current
measurement is placed externally and the voltage across the
resistor is sensed at nodes V + and V −. The high ohmic
resistive divider RBig and Rsmall converts the high voltage
based current signal to the low voltage 1.8 V domain. The
differential resistive feeback Rf b11 and Rf b12 generates the
feeback voltage Vf b1 , which is compared to the common-mode
voltage Vcm = 0.9 V by the operational ampliﬁer OP1. The
control of the two transistors Mdiv prepares the differential
current signal between V + and V −, so that the current signal
is centered at Vcm .
Two differential ampliﬁer stages are used for ampliﬁcation
and linearization of the current signal, so that it is accurately
stored on the SAR ADC capacitor bench. The gain of the
differential ampliﬁers OP2 of each stage is digitally controlled
by the resistive network R and Rvar and are independent
of each other. Rvar is realized as parallel circuit of eight
different resistor values. The dimension of the different Rvar
is logarithmical, so that the gain of each ampliﬁer stage can
be changed linearily by ±1 dB steps. Additional commonmode feedback with OP1 and Vcm is included in the ampliﬁer
stages for common-mode correction. In the feedback loop,
the differential voltage feedback Vf b2 of Rf b21 and Rf b22
is compared to Vcm , as it is presented in the input divider.
For normal operation, ampliﬁer stage 1 is designed to operate
with high gain and low input offset, whereas ampliﬁer stage 2
operates highly linear with high slew rate and high current to
charge the capacitors of the SAR ADC.
The capacitances of the SAR ADC are realized as four
layer fringe capacitor array with minimum capacitance value
C0 = 16 fF. The designed 8 bit resolution of the ADC results in
a total load capacitance of around 4 pF per single-ended output
and 8 pF in total. Based on the knowledge of the maximum
input current range of the signal processing structure, the
differential gain ampliﬁers are digitally controlled to provide
equal signals at Vinp and Vinn at the input of the capacitor

bench for current signals half of the designed maximum
input current. For lower input currents, the negative output
of the analog devices gets higher than the positive output
with decreasing currents. For higher than half-rated currents,
operation is vice versa, so that the positive output gets higher
than the negative output. With this method, an additional ninth
bit can be used as sign bit to increase the ADC resolution.
To realize the signed output of the SAR ADC, the reference
voltages VSS and VDD of the positive and negative capacitor
bench can be inverted.
The SAR comparator is a latched comparator, which holds
the sampled value for digitalization during process, until it is
reseted and updated again by the main 100 MHz clock. The
sampling time of the SAR ADC is typically one clock cycle,
which equals to 10 ns. With regard of the 9 bit ADC resolution,
this results in a theoretical conversion speed of the circuit of
ts = (9 + 1) ·

1
= 100 ns,
100 MHz

(1)

which is equivalent to
fs =

100 MHz
= 10 MS/s.
10

(2)

To improve the sampling accuracy of the high-side current
sense structure, the sampling time of the SAR ADC can be
increased digitally to a maximum of four clock cycles, which
relaxes the requirements of the ampliﬁers. The settling time
of the differential ampliﬁer stages is then decreased from a
maximum of
|Vsupply − Vcm |
1 clock cycle
0.9 V
=
= 90 V/μs
10 ns

tsettlem in =

(3)

to tsettle,max = 22.5 V/μs. To charge the SAR ADC capacitor
bench during one clock cycle, the required minimum current

TABLE I.

C HARACTERISTICS OF THE COMMON - MODE AMPLIFIER
OP1.
Parameter

OP1

ADC
f−3 dB
ft
Phase Margin
Gain Margin
PSRR @ 100 kHz
PSRR @ 1 MHz
VDD
IDD

48.8 dB
43.5 kHz
7.3 MHz
67.2◦
29.7 dB
31.5 dB
23.3 dB
1.8 V
5 μA
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in the output stage of the second differential ampliﬁer is
calculated to
dV
|Vsupply − Vcm |
= Cload ·
dt
1 clock cycle
0.9 V
=8 pF ·
= 720 μA,
10 ns

IC (t) =Cload

(4)

which explains the high current consumption of the highside current sense of around 2 mA at 1.8 V. Longer sampling
times decrease the required current in the output stages of the
differential ampliﬁers and increases the sampling accuracy, but
at the expense of sampling frequency.
III.

M4
Icn

D ESIGN I MPLEMENTATION

A. Common-Mode Ampliﬁer
The common-mode ampliﬁer OP1 is visualized in Fig.
3. The ampliﬁer consists of a single-stage PMOS differential
input pair M1 and M2 with cascoded NMOS current mirror
load M3 and M4. The cascoded load increases the output
resistance of the topology, so that the gain of the OP is
increased. The characteristics of the common-mode ampliﬁer
OP1 are summarized in Table I.
From Table I it can be seen that the DC gain ADC =
48.8 dB of the one stage ampliﬁer is comparable to a two
stage ampliﬁer. Due to the small load capacitances the current
consumption of OP1 IDD = 5 μA is quite low, so that the
contribution to the systems’ power dissipation is negligible.
Capacitor Cc is used as high frequency short and as
frequency compensation to increase the phase margin of the
common-mode control loop of the input divider and of the two
main ampliﬁers.

M1

M2

M6

Vcmfb

Voutp

Vdivp
M8

Vmain
Vload2

Vload2

Differential gain stage of OP2.
TABLE II.

M3

Fig. 3.

M3

VDD

Icp

VDD

IDC

Vload1

P ROPERTIES OF THE AMPLIFIER STAGE OP2.

Parameter

OP2
Cload = 8 pF

Cload = 0

Closed Loop Gain ADC
f−3 dB
ft
Phase Margin
Gain Margin
Slew Rate
CMRR
PSRR @ 100 kHz
PSRR @ 1 MHz
VDD
IDD

26.1...32.9 dB
2.86...5.2 MHz
34.5...44.5 MHz
22.6...60.9◦
11...19 dB
90 V/μs
75.4 dB
50 dB
34.7 dB
1.8 V
1.1 mA

26.1...32.9 dB
38.5...39.2 kHz
0.81...1.57 MHz
61.5...84.3◦
50...53.3 dB
90 V/μs
75.4 dB
50 dB
34.7 dB
1.8 V
1.1 mA

B. Differential Gain Ampliﬁer
Fig. 4 shows the differential gain stage of the main ampliﬁer OP2. With a differential NMOS input pair M1 and M2,
the ﬁrst stage operates on a PMOS current source load M3 and
M4 for high open loop gain. The input pair features additional
digitally controlled offset correction, which is represented by
the two controlled current sources Icp and Icn . With this
method the divided input signal is ampliﬁed and centered at
Vcm . The current sources Icp and Icn are driven such that
either Icp supplies current to the left side and Icn draws the
same current at the right side of the differential input stage, or
vice versa [5]. Special care has to be taken to the dimensions
of current supplied or drawn by Icp and Icn , or otherwise the
two current sources will overwrite the input signal at Vdivn
and Vdivp .
The output M5 and M6 of the ﬁrst stage of OP2 operates
on a current source load M7 and M8 and additional commonmode feedback with OP1 is applied at to M5 and M6. Table
II summarizes the properties of the differential ampliﬁer stage
OP2.
The differential output stage of OP2 has to provide high
output current and high bandwidth, so that the load capacitor
bench of the SAR ADC with 4 pF per single output is charged
in one period of a 100 MHz clock. For system stability, it has
to be taken into account that two different conﬁgurations have
to be considered. During the sample period, the SAR capacitor
bench is directly connected to the second ampliﬁer stage. In
the conversion period, the capacitors are disconnected from the
ampliﬁer stage, so that OP2 runs without load capacitance.
A frequency compensation, which takes the charge period
dependent load capacitors into account has therefore been
implemented. Fig. 5 shows the Bode diagram of the frequency
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The blue curves represent the Bode diagram while the SAR
is in the sample period. The dashed red curves indicate the
conversion period, when the capacitor bench is disconnected.
When the ADC is in the sample period, the capacitor bench
has a low-ohmic connection to the output of the differential
ampliﬁer, so that the resulting RC product is low and the
dominant pole is in the higher frequency domain. This results
in a bandwidth of ft ≈ 35 MHz for the ampliﬁer. The
achieved 21.5◦ indicate the frequency compensation issue.
When the ADC is in the conversion period, the capacitors are
disconnected and the RC product of the dominant pole pair
is high. Hence, the dominant pole is in the lower kHz range,
so that the frequency response of the ampliﬁer is similar to an
integrator. The bandwidth turns out to be low and frequency
compensation is not a problem. The transient settling of the
ampliﬁer during the conversion period is not harmful for the
stability of the ampliﬁer, as there are multiple clock cycles
before switching to the sampling period again.
For completeness, the bias circuitry of the differential gain
ampliﬁer is illustrated in Fig. 6. Running at IDC = 10 μA bias
current, the bias network is a cascade of current mirrors to set
the right operation voltage for the ampliﬁer. The voltages Vbn
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SAR ADC comparator.

at M2 and Vbp at M3 represent the bias levels of the digitally
controlled offset correction. The global current source of the
ampliﬁer differential input pair is biased with the input diode
M1 level Vmain , whereas the operating points of the two load
circuits Vload1 at M4 and Vload2 at M5 had to be separated as
a result of the transistor geometry and used operating points.
C. Successive-Approximation Analog-to-Digital Converter
The basic topology of a charge redistribution (CR) SAR
ADC is given in Fig. 7, which has ﬁrst been mentioned in [6].
During the charge phase, the differential input signal
Vinp − Vinn is connected to the top plates of the positive and
negative capacitors, respectively, while the bottom plates are
connected to the common-mode voltage Vcm . The differential
input signal is sampled and held, so that no further S&H
element is necessary. During the conversion phase, the top
plates of the positive capacitors are connected to VDD , while
the top plates of the negative capacitors are connected to VSS .
The bottom plates are open connection, so that the stored
charge on the capacitors is evaluated at the input of the SAR
comparator [7].
The comparator of the proposed SAR ADC, which can
be found in [8] is constituted in Fig. 8. The input voltages

PARAMETERS OF THE SAR ADC.

Parameter

OP1

Resolution
C0
CLK
# Unit Cells
Ctot
Vcm
VDD

8 + 1 bit
16 fF
100 MHz
256 + 256
4 pF + 4 pF
0.9 V
1.8 V

9.06
Voltage [V]

TABLE III.

9.04
9.02
9

V+
V-

Voltage [V]

1.1
1
0.9
0.8

Voltage [V]

0.25
0.2
0.15

0.1
0.05

P ERFORMANCE E VALUATION

The high-side current sense CR SAR ADC topology has
been implemented in a novel DC-DC LED driver and a
performance evaluation has been done with a converter current
of 0...1 A [9]. The SAR current range has been set to 50...950 mA, so that the sign bit toggles at 450 mA. This
method avoids ADC bit overﬂow at both boundaries, gives
reasonable overcurrent protection and compensates for the not
ideal rail-to-rail voltage operation of the differential ampliﬁers.
The (external) sense resistor has been chosen to 100 mΩ.
With a 8+1 bit resolution, approximately 4 mA correspond to
1 LSB, which is equivalent to a voltage drop of 400 μV across
the sense resistor. The transient performance of the high-side
current sense for a DC-DC converter in continuous conduction
mode (CCM) is illustrated in Fig. 9. The upper part of Fig.
9 shows the differental input voltage V + and V − at the
external sense resistor Rsense . The DC current in the CCM
has been set to 500 mA, which equals to a DC voltage of
50 mV across Rsense . The current ripple of 200 mA results in
a peak current of 400...600 mA and makes the sign bit toggle,
as soon as the current drops below 450 mA, which can be
seen in the lower part of Fig. 9. The voltages VINP, VINN,
and VCM illustrate the output voltage of the second highside current sense differential ampliﬁer. The glitches in the
transient behavior are the result of the discrete sampling of the
SAR ADC capacitor benches. The differential voltage VINP VINN is represented by the sampled conversion value output of
the SAR ADC, which is constituted by continuous, ideal back
transformation to the analog domain. The conversion time ts is
identiﬁed to be 100 ns, what results in a sampling frequency of
10 MS/s for the ADC. The signal swing of the high-side current
sense SAR ADC is calculated by the maximum conversion
value for both sign bit cases ”0” and ”1”. From Fig. 9 it can

Conversion Value

"1"
"0"

IV.

VINP
VINN
VCM

0.7

Bit

Vcmp and Vcmn at the NMOS input pair M1 and M2 represent
the charge of the positive and negative capacitor benches. The
voltage Ven denotes the clocked enable signal with which the
comparator samples the actual input of the capacitor-bench
during ”on” time. When Ven is deactivated, the comparator
holds the sampled value with the cross-coupled latch inverter
structure M3 to M6. The latched signal is ampliﬁed and
buffered by additional inverter stages, before VDIG is sampled
in the digital domain. The basic design parameters of the SAR
ADC are summed up in Table III. The capacitor unit cell equals
to C0 , which represents one least signiﬁcant bit (LSB). The
higher order bits are calculated by binary weighting of C0 ,
so that the most signiﬁcant bit (MSB) equals to 128·C0 per
differential capacitor bench. The useage of unit cells opens
room for energy saving techniques, like capacitor splitting for
the MSB, which has been implemented.
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2
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Fig. 9. Transient performance in converter CCM of the high-side current
sense SAR ADC.

be seen that the achieved voltage gain in this case is


max (Conversion Value) | Sign Bit
AV = 20 log
ΔV +


240 mV + 40 mV
≈ 20 log
= 23 dB.
20 mV

(5)

Fig. 10 shows the transient performance of the high-side
current sense during discontinuous conduction mode (DCM)
of a DC-DC converter. The alignment of Fig. 10 is equivalent
to Fig. 9. During DCM, the peak current always stays below
450 mA, so that the sign bit remains ”1”. The plot of the sign
bit has therefore been neglected. However, it has to be taken
into account, that the peak current converges to 450 mA when
the sign bit is ”1”. This can be identiﬁed as the conversion
value decreases from the maximum negative value. For current
values below 450 mA and active sign bit, the output of the
differential ampliﬁers VINN > VINP.
Table IV brieﬂy sums up the performance key points of
the signal chain and compares the results to prior published
works. In the introduction it is mentioned that a reasonable
comparison to other works is difﬁcult to handle. Typical
current monitoring architectures are presented as stand-alone
ICs with outstanding characteristics with respect to a reduced
integrated solution with its adequate ADC. Nevertheless, it
should be mentioned, that the high-side current sense in this
work offers serious advantages in size and performance, which
also comes from the reduced technology node.

Voltage [V]

9.03

V.

This work presents an integrated low power high-side
current sense for up to 24 V. To increase the robustness
especially in automotive applications, digital signal processing is preferred, so that a signed charge-redistribution (CR)
successive-approximation (SAR) analog-to-digital (ADC) converter is introduced in the same technology. A combination of
ampliﬁcation and linearization of a current signal information
across an external sense resistor of choice beforehand realizes
an ADC resolution of up to 9 bit with a system clock of
100 MHz, which results in 10 MS/s. The input current range
has been set to 0...1 A, so that 1 LSB correspond to 4 mA,
which offers sufﬁcient resolution and speed for most DCDC converter applications in this environment. The high-side
current sense and the CR SAR ADC have been implemented
in a 180 nm technology, which withstands voltages up to 60 V.
With a supply voltage of 1.8 V, the topology occupies a chip
area of 0.2 mm2 and draws a supply current of 2 mA. The
topology is designed for DC-DC converters with switching
frequencies of more than 1 MHz and has been implemented as
current monitor in a DC-DC LED driver for general lighting.
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Fig. 10. Transient performance in converter DCM of the high-side current
sense SAR ADC.
TABLE IV.
Parameter
Technology
Size
Stand-Alone IC
VDD
IDD
Vin
CLK
CMRR
fs
GBW
Resolution

C OMPARISON TO PRIOR
[2]
0.8 μm
2.5 mm2
Yes
2.8...5.5 V
850 μA
1.9...30 V
—–
—–
—–
—–
—–

This work has been funded within the ”Energy efﬁcient
and intelligent lighting systems” project by the ENIAC Joint
Undertaking (project ID: 270707-2) and the German Federal
Ministry of Education and Research (FKZ: 16N11438, Subproject: Erforschung von Elektronikbausteinen für energieefﬁziente, intelligente Beleuchtungssysteme).

WORKS .

[3]
1.5 μm
3.9 mm2
Yes
1.5...28 V
< 46 μA
0...28 V
—–
> 90 dB
—–
—–
—–

This work
0.18 μm
0.2 mm2
No
1.8 V
2 mA
9...24 V
100 MHz
97.1 dB
10 MS/s
35 MHz
9 bit
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