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Abstract— This paper is a comparative study of different instrumentation amplifier architectures to be employed for 
monitoring cell voltages in battery monitoring systems. The different instrumentation amplifier architectures are analyzed 
based on swing and linearity. Improvements in the existing architecture which can enhance linearity and can ease the opamp 
design is also suggested. 
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I. INTRODUCTION 
 
In most applications, instrumentation amplifiers (IAs) 
are used for amplifying weak signals. They have the 
added advantage that they can easily reject the large 
common mode signals accompanying these weak 
signal thereby ensuring high common mode rejection 
ratio (CMRR). However, here the targeted application 
is in battery management systems such as in electric 
vehicles, where it is important to monitor the cell 
voltages of the battery pack to make sure that it is 
operating in the safe operating region. Each cell 
voltage, which can range up to a maximum of 4.5V, 
is first sensed by an amplifier which attenuates it to 
the required level before feeding it to the ADC 
following it. Thus the amplifier which senses this 
voltage should be capable of handling high input 
swings. As the opamp in the IA architecture will have 
difficulty in handling such a huge swing at the output, 
it is attenuated by a factor of 0.5 and then fed to the 
ADC.  
The common IA topologies are: (1) three opamp 
topology, (2) current feedback instrumentation 
amplifier topology (CFIA), (3) switched capacitor 
instrumentation amplifier (SCIA). The three opamp 
topology [1], consists of a first stage which is the gain 
stage and second stage which is fully differential  
meant for providing common mode rejection 
depending on resistor matching. The main drawback 
here is the lack of power efficiency. The CFIA 
topology [2], is a widely used IA topology as it 
ensures better CMRR and is more power efficient. It 
can also support input common mode voltages close 
to either of the supply rails. CFIA however has 
limited gain accuracy and gain linearity due to gm 
mismatches between the transconductors in the input 
and feedback branches [1]. Switched capacitor 
amplifiers provide better linearity when compared to 
the other two topologies because capacitor matching 
is more accurate when compared to resistor matching 
and less inaccurate when compared to gm 
mismatches which arises in CFIAs.  
The paper basically concentrates on the comparison 
between continuous time IA architectures and 

switched capacitor IAarchitectures in terms of swing 
and linearity. Further, improvements in the existing 
switched capacitor architectures have been suggested 
for better performance. Section II discusses some of 
the continuous time IA topologies. Section III is a 
briefing of SC instrumentation amplifiers and the 
possible factors contributing to amplifier non-
linearity. Section IV, Section V and Section 
VIincludesimulation resultsand conclusion. 
 
II. INSTRUMENTATION AMPLIFIERS: 
CONTINUOUS TIME TOPOLOGIES 
 
Instrumentation amplifiers can be implemented using 
voltage to current (V-I) converters at the input stage 
as shown in Fig. 1 [3]. When the input signal is zero, 
the currents through the transistors M1 and M2 are 
the same. For a non-zero input, a voltage equivalent 
to the differential input appears across the resistor 
giving rise to a differential current which is amplified 
by the bridge amplifier resulting in an output 
푉 = (푉 − 푉 ) ∗ ∗ (푅 + 푅 ). The use of this 
architecture ensures high CMRR without requiring 
perfect matching.  
 

 
Fig.1. Instrumentation amplifier with V-I converter at input 

and bridge amplifier at the output 
 
The major limitation of continuous time architectures 
is that they do not support high input swings. The 
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linearity in these structures are limited by bias current 
mismatches, resistormis-matches and opamp offsets. 
However some of the linearity errors such as those 
due to offsets get cancelled when two trans 
conductance stages are used in parallel. Similar 
architectures are discussed in [4] and [5]. 
A possibly better continuous time architecture in 
terms of linearity and swing designed in 3.3V, 180nm 
process was presented in [6]. The architecture in Fig. 
2 with gain boosting opamps holds the drain voltages 
of input pairs at a constant value and can support an 
input swing of around 2Vpk-pkwith linearity between 
0.66% to 1.7%.  
 

 
Fig. 2. Instrumentation amplifier with transconductance stage and 

transimpedance stage 
 
A. Factors Contributing to Non-linearitiesin 
CTIAs 
The major factors contributing to non-linearities in 
continuous time IAs include resistor mismatches and 
bias current mismatches. 
The impact of resistor mismatch on amplifier output 
in the above figure, Fig.1 is analyzed considering a 
mismatch of δRbetween the resistors.It is assumed 
that bias currents IB1=IB2 and the resistors R3=Rand 
R4=R+δR. Let Io1and Io2represent the currents through 
R3 and R4 and Ig bethe current through R1. 
 
푉표1 = 푉퐷퐷 − 퐼표1푅3                                        (1) 
푉표2 = 푉퐷퐷 − 퐼표2푅4                                         (2) 
 

= 푉 − 퐼 (푅 + 훿푅) 
 
퐼표1 = 퐼퐵1 − 퐼푔                                               (3) 
퐼표2 = 퐼퐵2 + 퐼푔                                                (4)                                   
 
푉표1 = 푉퐷퐷 − 퐼퐵1 − 퐼푔 ∗ 푅(5)          
푉표2 = 푉퐷퐷 − 퐼퐵2 + 퐼푔 ∗ (푅 + 훿푅)             (6) 
 
푉표1 − 푉표2 = 퐼퐵2 + 퐼푔 (푅 + 훿푅)− 퐼퐵1 − 퐼푔 ∗ 푅        
(7) 

 
 
III. INSTRUMENTATION AMPLIFIERS: 
SWITCHED CAPACITOR ARCHITECTURES 
 
Switched capacitor amplifiers ensure better linearity 
when compared to continuous time implementation 
where linearity is mainly limited by resistor 
mismatches. The gain provided by the amplifier 
depends on capacitor ratios. When compared to 
resistor matching, capacitor matching is more precise. 
Switched capacitor circuits also reduce swing 
limitations imposed by their continuous time 
counterparts. 
 
A. Factors Contributing to Non-linearities in SC 
Instrumentation Amplifiers 
The different factors contributing to the overall 
amplifier non-linearity in SC circuits include: 
switching non-idealities, capacitor mismatches, 
amplifier offsets and gain inaccuracies. 
 

1) Switching Non-idealities 
In switched capacitor circuits performance in terms 

of speed can be improved when the capacitance 
values are small and MOS switches with larger W/L 
are used. However this will degrade the precision 
with which the input is sampled. Charge injection and 
clock feed through are the major contributors to non-
idealities arising during sampling. 
    Some of the compensation techniques for reducing 
these non-idealities include using differential pair, 
dummy circuit, complementary switches, bottom 
plate sampling etc [7].  

2) Capacitor Mismatches 
In SC circuits, capacitor mismatches have a 
significant contribution to overall nonlinearity. If 
there is any mismatch in the capacitance ratios, there 
arises a difference in the charge that is sampled and 
the charge which gets transferred to the amplification 
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capacitor thus causing the output to be nonlinear.  In 
one of the previous works [8], with multiply by two 
(MBT) amplification, dependence of amplifier gain 
on capacitor mismatches is reduced thereby 
improving the overall linearity. The architecture 
shown below in Fig. 3 samples the differential input 
making use of both the capacitor plates for reducing 
mismatch. Unlike the usual techniques where the 
signal is sampled on to the input capacitor during the 
first phase and transferring the charges to the 
feedback capacitor in the next phase, here a single 
capacitor is made use of in both the phases. 

 
Fig. 3. MBT Architecture 

 
In the sampling phase,  
 
푄 (∅1) = 퐶 ∗ 푉 	,푄 (∅1) = −퐶 ∗ 푉           (11) 
 
In the amplification phase, 
 
푉 = (∅ ) − (∅ ) = − = 2푉           

(12)           
 
As can be seen from (12), the amplifier output does 
not depend on capacitance values.Thus loss of 
charges due to capacitor mismatch issue is not arising 
in this case. It was found to give  linearity of around 
108dB. 
   However, the major disadvantage here is that the 
technique does not work if we are to make the 
amplifier gain programmable. 
 

3) Amplifier Offsets 
Offsets at the amplifier inputs gets amplified by the 
gain factor and appears at the output degrading 
amplifier linearity. 
In [9] it was reported that with the use of correlated 
double sampling the opamp non-linearities could be 
reduced. In correlated double sampling technique 
shown in Fig. 5, the offset voltage is sampled on to 
the same set of capacitors in both the phases so that it 
does not impact the charge transfer during the 
amplification phase.  
 

4) Gain inaccuracies 
Gain inaccuracies can add to amplifier non-

linearity. Thus reducing gain inaccuracy can improve 
the overall linearity. For the gain uncompensated 
architecture shown in Fig. 4[10] the output during the 
amplification phase is given by (13). The inaccuracy 
in the output is determined by the second term. As 
Δvout is high in this architecture (output gets reset 
during ϕ1 phase) the amplifier gain required is high to 
ensure high gain accuracy. 
 

 

 
Fig. 4. Gain uncompensated SC amplifier 

 

Fig. 5. Gain compensated SC amplifier 
 

Gain compensated SC amplifier architectures relaxes 
the gain requirement for the amplifier. In the gain 
compensated architecture in Fig.5 the output is not 
reset during ϕ1 phase. During ϕ1 phase, Cs acts as the 
feedback capacitor. Any variation in the input will be 
reflected at the output with the opposite polarity. 
Thus for an increase in the input, output drops. Here 
as the output is not getting reset during ϕ1 phase, 
Δvout is less and thus the gain requirement is relaxed. 
Amplification happens in ϕ2 phase with a gain of 
C1/C2. Gain error in this case is reduced to  
(1+(C1/C2))/A2. 
In SC amplifiers settling happens faster if the input 
common mode voltage is equal to the opampcommon 
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mode voltage. Since the input common mode is 
dependent on the battery cell voltage, the only 
possibility is to shift this value to the intended voltage 
(opampoutput common mode voltage) before passing 
it to the amplifier. The adaptive level shifting 
technique where the signal is adaptively shifted to the 
required reference value can be effective in this case. 
 
B. Improving linearity using adaptive level shifting 
The variations in the input common mode voltage 
will also impact the amplifier linearity in SC 
amplifiers. If the amplifier is not rail to rail, the 
distortion observed for an input common mode 
voltage close to the rails(depending on the amplifier 
input pair) will be more when compared to input 
common mode close to mid rail. Thus shifting the 
input common mode to VDD/2 will enhance the 
amplifier linearity. 
A rail to rail input range adaptive level shifting 
technique with reduced sampling noise is presented in 
[11]. 

 
Fig. 6. ALS Block diagram 

 
In this technique, the voltage level by which the input 
has to be shifted so as to match signal input common 
mode with the opamp common mode is extracted 
during the first phase and in the second phase this 
voltage is placed in series with the input so as to shift 
it to the required value. 
Using adaptive level shifting at the input of the SC 
amplifier will ensure that the input fed to the SC 
amplifier will always see a common mode equal to 
the output common mode of the op amp which will 
contribute to improving the overall linearity. 
 
IV. SIMULATION RESULTS 
 
The fully differential SC amplifier architecture in 
Fig.5. was simulated for analyzing the linearity 
variation with input common mode. 
The operational amplifier used here has PMOS input 
pair. For input common modes close to lower rails, 
the opamp input terminal voltages were found to 
increase trying to push the input pairs out of 
saturation and higher values of input common mode 
lowers the gate voltage of the input PMOS pairs. The 

SFDR for input common mode of 1V is found to be 
70.81dB and that for 4V is 81.23dB. 
 

  

 

 
Fig. 7. Linearity variation with change in input common mode 

voltage 
 

CONCLUSION 
 
A comparative study of different instrumentation 
amplifier topologies is presented. 
The architecture which best suits the specified 
application is found to be SC amplifiers based on 
their performance in terms of linearity and swing. 
The impact of input common mode variation on 
amplifier linearity is verified and the effectiveness of 
adaptive level shifting technique to improve swing as 
well amplifier settling is analyzed. 
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