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Abstract—This investigation demonstrates a high-accuracy 
bidirectional high-voltage (HV) current sensor fabricated by 
CMOS technology. Besides Noise filter, Sense stage, and 
Controller, the proposed current sensor is featured with a 
Switching Network composed of transmission gates, which is 
able to steer the direction of the current.  A digital feedback loop 
comprises Controller generating a pair of digital signals to 
Switching Network such that the direction of the current is 
detected real time. The area of the proposed sensor on silicon is 
1173x664 um2 using 0.5 um high-voltage CMOS process, which 
is very compact to be easily integrated in any portable devices 
demanding a current monitoring function. The sensing voltage 
error is 0.7 % by the physical measurements, where the input 
voltage range is 8~14 V, and the current sensing range is -3~3 A. 

Keywords—high-voltage (HV), bidirectional, input voltage 
range, current sensor, sensing error  

I. INTRODUCTION

In any power system, particularly those devices with 
portability demand due to the usage of batteries, bidirectional 
current detection is very important for safety [1].  Traditional 
current sensors are found very hard to detect the bidirectional 
current at the same time such that detecting the bidirectional 
current with high accuracy attracts strong attention [2]-[5]. 
Many researchers have reported several current sensor designs 
to resolve this issue, e.g., [6]-[8], basically using a low-
resistance resistor as a sensing resistor in series with the load 
and then detecting the voltage drop thereof. Although the low-
resistance resistors means to improve efficiency and accuracy, 
the intrinsic resistance variation results in large input offset to 
amplifiers [9]. Besides, to the best of our survey, all of the 
existing current sensors are focused on the detection of one 
current direction. That is, they are not able to detect the 
discharge and change currents of a battery system at the same 
time, unless two sensors are used simultaneously.  To resolve 
all the mentioned problems, a bidirectional current sensor 
using the fully-differential amplifier (FDA) with digital 
auxiliary circuits is proposed in this investigation. More 
specifically, the proposed sensor is featured with a digital 
feedback loop, where the sensed output voltage is sampled and 
converted into digital codes to drive Switching Network 
composed of transmission gates such that the correct current 
direction can be detected and steered. The Switching Network 
not only correct the direction of the current, but also make the 
circuit more accurate than many prior works.  The design was 
realized on silicon prototype and justified by physical 
measurements to sense the voltage from 8~14 V, and current 

range from -3 A to 3 A. The most important of all is that only 
0.7 % error is measured on silicon to prove the accuracy of the 
proposed design. 

II. HIGH-VOLTAGE BIDIRECTIONAL CURRENT SENSOR

A. System Architecture and Operation
The block diagram of the proposed HV bidirectional

current sensor is shown in Fig. 1, including a current sensing 
resistor Rcs, a Noise filter, a Switching Network, a Sense 
Stage, Rout, and a Controller.  

Fig. 1: System diagram of the proposed design 

Fig. 2 shows the schematic of the proposed HV 
bidirectional current sensor.  A very small sensing voltage 
(Vcs) is generated by Ics via Rcs namely, a small resistor, as 
shown in Fig. 1. Noise filter comprising 4 RNf’s, and a CNf 
rejects unwanted high- frequency noise. Noise filter acts like 
a low-pass filter with a 3-dB bandwidth defined in Eqn. (1). 

Fig. 2: Schematic of the proposed HV current sensor 
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FDA in Sense Stage of  Fig. 2 is designed to attain a virtual 

short across the input terminals (namely, Vip ~ Vin ). The 
drain currents of the M301 and M302 are then proportional to 
(Vcsp-Vin)/2xRNf and (Vcsn-Vip)/2xRNf, respectively, 
assuming the transmission gates are ideal.  Current mirror 
carries out the current subtraction to generate ∆I = I1 – I2 , 
whereupon ∆I is converted into an output voltage, Vcso, by 
Rout. Battery system's operations are classified into two 
modes: 

l Discharge mode: When Vcsp > Vcsn makes I1 > I2, the
controller turns on S0, and then VBIAS is kept higher than
Vcso to inject current into the current mirror.

l Charge mode: When Vcsp < Vcsn makes  I1 <  I2, the
controller turns on S1, and then VBIAS is lower than
Vcso. The current would be steered from Vcso to VBIAS.

B. Derivation of Current Sensing
Assume the gain of the entire system is AV. Vcso can be

formulated as Eqn. (2), where AV can be written as Eqn. (3). 
Thus, Vcso can be easily organized as Eqn. (4).  Therefore, Ics 
can be estimated indirectly using Vcso as shown in Eqn. (5).  

 

C. FDA Design
FDA is basically a two-stage fully-differential amplifier

including a common-mode feedback, as shown in Fig. 3. 
Apparently, the common-mode voltage affects the output 
swing. Since the proposed sensor is meant to detect high 
voltage and current, which will easily generate significant 
common-mode offset. Thus, common-mode feedback circuit 
is needed, which regulates its common-mode voltage to a pre-
defined value. 

Fig. 3: FDA design [10] 

D. Controller Design
Referring to Fig. 2 again, Controller comprises a

comparator (CMP) and a T flip-flop. The operation is listed as 
follows. 

(1). T flip-flop is driven by Preset being high to pull up S0 
high. Then, the Preset would  be low. 

(2). CMP compares Vcso with VBIAS to determine which 
switch to turn on. When VBIAS is higher than Vcso, S0 is 
kept unchanged.  On the contrary, T flip-flop pull high 
S1, and S0 is pulled low. 

(3). When S0 turns off, and S1 turns on, Preset would change 
to be high.  

(4). The output of CMP is used as the clock of T flip-flop. 
When the current direction changes, the output of the T 
flip-flop is reversed to flip the states of those 
transmission gates in Switching Network. 

III. IMPLEMENTATION AND MEASUREMENT

Most of the portable devices are powered with 
rechargeable batteries, which are mainly suffered from the 
noise interference in low frequency.  Thus, to reject the high-
frequency noise higher than 1.5 MHz, RNf = 10 k ohm, and 
CNf = 20 pF are used in the Noise filter as shown in Eqn. (1). 
To enlarge the range of the sensor current, the smallest Rcs in 
the process is selected to be 0.067 ohm in our design. 
Referring to Eqn. (2), a linear function is expected between 
Vcso and Vcs. Fig. 4 shows the simulation between Vcs and 
Vcso to verify this feature, when the sensed voltage Vcs range 
is -200 ~ 200 mV, and VBIAS is 5 V.  

Fig. 4: Vcs vs. Vcso 

A. System Validation and Chip Implementation
The proposed current sensor was fabricated using TSMC

0.5 um CMOS high-voltage mixed-signal based LDMOS 
USG AL 2P3M polycide (T50UHV).  Fig. 5 shows the die 
photo of the proposed HV current sensor, where the chip area 
is 1744 x 1303um2, and the core area is 1173 x 664 um2. 

Fig. 5: Die photo of the proposed HV current sensor 
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Fig. 6 is the all-PVT-corner (process, voltage, temperature) 
post-layout simulation of the proposed current sensor to 
validate Eqn. (5). It shows that when the sensing current range 
is -3 ~ 3 A, the output voltage range Vcso is 3 ~ 5 V. The 
proposed HV current sensor shows the worst-case sensing 
error of 0.85 % when Ics equals to +/-3 A, as shown in Fig. 7.  
Besides, the average error is 0.48 %. 

 
Fig. 6 : All-PVT-corner post-layout simulation  

 
Fig. 7: Sensing current error distribution 

B. Measuremnt and Performance Analysis 
To prove the performance of the proposed sensor working 

in the range of 8 ~ 14 V, the power supply generates 7 voltages  
(8, 9, 10, 11, 12, 13, 14 V).  The ANR26650 battery module 
is the real battery device to be tested [11], where the current 
magnitude is adjusted via an electronic load (PRODIGT 
3311D Electronic Load). Meanwhile, the electronic load 
consumes 13 different currents in the range of 0 ~ 3 A, as 
shown in Fig.8.  Fig. 9 summarizes the error distribution at the 
7 sensed voltages given the same current.  The worst measured 
error is less than 1.22 %.  

 
Fig. 8: Measurement results by the proposed sensor 

 
Fig. 9: Vcso error distribution 

C. Reliability and Repeatability Measurement 
Besides the experiment using equipment as the above, we 

use a real battery module consisting of 4S3R ANRANR26650 
cells for the field test.  A battery testing system (LANHE 
CT2001D) was used to charge/discharge the battery module 
to verify the bidirectional current sensing.  Three chips were 
used to carry out a total of 225 times measurements as 
summarized in Fig. 10.  The standard deviation in the 
measurement results is smaller than +/-3σ, as shown in Fig. 
10.  

 
Fig. 10: Standard deviation of 225 times measurements 

A typical FOM is defined as follows to give a fair measure 
for all kinds of current sensing approaches.  Our design attains 
the best FOM of all the works as shown in Table I.  

 

IV. CONCLUSION 
This investigation presents a high-accuracy CMOS HV 

bidirectional current sensor. Our design works in the input 
voltage range from 8 ~ 14 V. Moreover, it attains the very 
small sensing voltage error < 0.7%.  The design is featured 
with the digital feedback control to make high accuracy and 
bidirectional sensing feasible at the same time. 
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