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Abstract—Indirect current feedback (ICF) is a very common 
operation principle used in the design of CMOS instrumentation 
amplifiers (IA). The input and output transconductors required in 
an ICF IA usually consist on resistive-degenerated simple 
differential pairs. In this contribution conventional source-follower 
(SF) structures used in IA transconductors are replaced by flipped-
voltage-follower (FVF) and super-source-follower (SSF) cells, 
respectively. As a result, the overall performance and efficiency of 
the IA is enhanced with a minimum cost. The principle of operation 
governing CMRR is also analyzed and its behavior is confirmed by 
means of extensive simulations. A single-stage IA with a fixed 
voltage gain equal to 10 V/V has been designed in 0.35-μm standard 
CMOS technology to operate with 1.8 V supply. Simulation results 
show improved metrics in terms of voltage gain accuracy, while the 
overall performance of the IA is comparable to other contributions 
in the literature. 

Keywords—instrumentation amplifiers; indirect current feedback; 
enhanced voltage follower; source degeneration; resistive sensor. 

I. INTRODUCTION 

Sensors are ubiquitous components that have outstanding 
importance in the context of fields such as industry, biomedical 
devices or internet of things (IoT), among others. The 
instrumentation amplifier (IA) is an analogue block essential in 
the conditioning of signals provided by sensors. The traditional 
approach to implement an IA is based on resistive feedback [1]. 
A difference amplifier processes only the differential-mode 
(DM) signal, while the input resistance of the overall IA is 
increased by isolating its input terminals with two balanced 
noninverting amplifiers. This structure leads to demanding area 
and power requirements [1, 2], as well as constraints to adapt the 
input and output common-mode (CM) voltages of the three 
amplifiers [2]. Besides, the CM rejection ratio (CMRR) of the 
overall structure relies on the matching of the feedback resistors, 
which must be trimmed when a high CMRR value is desired. 

Current feedback (CF) [2]-[7] is an efficient approach for 
implementing IAs. Indeed, in CF instrumentation amplifiers 
isolation and balancing techniques are used to enhance CMRR 
[2]. Besides, a single feedback loop is established around the IA. 
Depending on how the CF solution is implemented, we can  

 

Fig. 1. Block diagram of a current feedback IA. 

 

distinguish between direct current feedback (DCF) [3] or indirect 
current feedback (ICF) [2]. Alternatively, the local current 
feedback (LCF) technique, in which two independent feedback 
loops are established in the IA, has also been proposed [4]. 

II. ICF IA TRANSCONDUCTORS 

The block diagram of an ICF IA is illustrated in Fig. 1. Two 
transconductors are required, one of them devoted to process the 
input signal and the other one to feed back the output signal, 
whereas a summing stage provides additional voltage gain. The 
input transconductance cell, or voltage-to-current (V-to-I) 
converter, GmI, generates a current iI from the DM input voltage, 
vI,DM = vI

+ – vI
−. Similarly, the transconductor GmO provides a 

current iO from the voltage difference vSENSE – VREF, where vSENSE 
is the output voltage, vO, scaled down by the feedback factor, β, 
and VREF is a reference voltage used as the desired DC voltage 
level at the output of the IA. The feedback action established 
around GmO forces iI and iO to be equal and, hence, it can be 
derived that the voltage gain, Av, approximately coincides with: 

௩ܣ  ≡ ௩ೀ௩಺,ವಾ = ீ೘಺ீ೘ೀ ∙ ଵఉ (1) 

where transconductances GmI and GmO are a function of resistors 
RI and RO, which are a part of input and output V-to-I converters. 

A well-known implementation of a transconductance cell is 
based  on  resistive  source degeneration,  by  using  two  voltage  
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Fig. 2. Transconductors based on the (a) SF, (b) FVF and (c) SSF approach. 

 

followers and a resistor, as illustrated in the different approaches 
in Fig. 2. The general principle of operation is based on isolating 
from the preceding stage the resistor in which V-to-I conversion 
takes place. The voltage followers generate shifted copies of 
voltages vI

+ and vI
−, named vA and vB, respectively, which are 

applied at both terminals of resistor R, thus creating current i. In 
Fig. 2(a), which corresponds to the traditional design approach, 
the voltage followers are implemented as conventional source 
followers (SF). A PMOS configuration has been selected in 
order to avoid the body effect in an n-well technology, while the 
purpose of transistors ML is to collect and reflect to subsequent 
stages the current signal generated in the V-to-I converter. 
However, the use of SF presents two main drawbacks. On the 
one hand, the output resistance of the SF is roughly given by 

 ܴை௎்,ௌி ≈ ଵ௚೘ವ (2) 

where gmD is the transconductance of the driver transistors MD. 
The output resistance given by (2) is not sufficiently low as 
compared to usual resistance values implementable in integrated 
circuits fabrication technologies and, hence, the SF with 
resistive source degeneration suffers from severe load regulation 
limitations. On the other hand, it is worth to point out that the 
current flowing through the driver transistor MD of the SF is a 
function of the signal applied to the input of the voltage follower, 
which reduces the intrinsic linearity of the circuit in Fig. 2(a). 

The overall performance of the transconductor may be improved 
by using a flipped-voltage-follower (FVF) [8] or a super-source-
follower (SSF) [9] instead of the conventional SF, to drive 
resistor R, as illustrated in Figs. 2(b) and 2(c), respectively. In 
these cases, the output resistance of the corresponding voltage 
buffers may be expressed, respectively, as: 

 ܴை௎்,ி௏ி ≈ ଵ௚೘ವ ∙ ଵ೒೘ಷ೒೚ವశ೒೚ೄ  (3) 

 ܴை௎்,ௌௌி ≈ ଵ௚೘ವ ∙ ଵ೒೘ಷ೒೚ವశ೒೚ೄೆ  (4) 

where gmj and goj, with j = D, F, S, and SU, represent the 
transconductance and output conductance of driver transistors, 
MD, feedback transistors, MF, and current source transistors, 
MS and MSU, also respectively. In each realization, the output 
resistance of the improved followers is reduced by an amount 
equal to the gain of the implicit feedback loop made up of 
transistors MF and MD. This significant decrease in the value of 
ROUT highly reduces the load regulation of the corresponding 
voltage follower and brings the value of its voltage gain much 
closer to the ideal target of unity. Indeed, simulations show that 
while the voltage gain of the SF is far from unity, even for R 
above 10 kΩ, the gains of the FVF and SSF approaches remain 
very close to the ideal value even for R below 1 kΩ. The current 
flowing through the driver transistors in the FVF and SSF 
configurations is fixed and independent of the signal level, thus 
leading to increased linearity as compared to the SF solution. In 
addition, it is worth to note that performance improvement is 
obtained without significant cost in terms of silicon area and 
power consumption with respect to the SF approach. 

III. DM VS CM TRANSCONDUCTANCE 

The transconductance of a V-to-I cell, Gm, may be defined as 
the output current when a purely DM signal, vI,DM, is applied at 
the input terminals. When the transconductor is implemented by 
using ideal voltage followers, the effective transconductance is 
equal to 1/R, that is, the inverse of the value of the resistor where 
V-to-I conversion takes place. In case SF are used as voltage 
followers, i.e., by following the approach shown in Fig. 2(a), the 
effective transconductance of the circuit is given by: 

௠,ௌிܩ  = ଵோ ∙ ଵଵାమೃ∙ భ೒೘ವ (5) 

In effect, it may be inferred from (5) that Gm,SF is inversely 
proportional to the value of resistor R. In addition, there is a 
factor also relying on R, which represents the loading effect of R 
on the non-ideal voltage followers. 

When the voltage buffers used in the transconductor 
implementation are based on the FVF and the SSF approaches, 
illustrated in Figs. 2(b) and 2(c), respectively, the effective 
transconductance of the circuits becomes: 

௠,ி௏ிܩ  = ଵோ ∙ ଵଵା൬ଵାమೃ∙ భ೒೘ವ൰·೒೚ವశ೒೚ೄ೒೘ಷ  (6) 

௠,ௌௌிܩ  = ଵோ ∙ ଵଵା൬ଵାమೃ∙ భ೒೘ವ൰·೒೚ವశ೒೚ೄೆ೒೘ಷ  (7) 

The load regulation effect is now greatly reduced by the 
effect of the feedback action in the FVF and SSF cells. Indeed, 
this term is clearly identified in the denominator of the right-side 
term in (6) and (7). 

The impact of resistor R on the effective transconductance of 
the V-to-I converters based on the SF, the FVF and the SSF 
solutions is depicted in Fig. 3. As observed, transconductance 
response of the FVF and the SSF V-to-I converters is very close 
to the ideal behavior, represented by the hyperbola 1/R. On the 
other hand, the response of the SF solution in Fig. 3 remains far 
from the intended operation, as already evidenced by (5). 
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Fig. 3. Effect of resistor R on the effective transconductance Gm for the SF, 
FVF and SSF transconductors as compared to the ideal response. 

 

The main contribution to the overall transconductance of the 
input and output transconductors of the ICF IA is due to the 
response to the input DM voltage, vI,DM. Nevertheless, there is a 
second-order effect over the transconductance due to the joint 
contribution of input CM voltage, vI,CM, and unavoidable 
mismatches. This aspect, whereas can be neglected for the 
output transconductor, GmO in Fig. 1, results of critical 
importance for the input V-to-I converter, GmI. In fact, this is the 
main limitation of CMRR in an IA. The residual 
transconductance associated to vI,CM is defined as: 

௠ܩ∆  ≡ ∆௜ೀ∆௩಺,಴ಾ (8) 

Under perfect matching conditions, ΔGm for the three 
approaches mentioned would be equal to zero. Nevertheless, 
random mismatches are unavoidable and, hence, the residual 
transconductance, ΔGm, will be always different from zero. If 
the small-signal equivalent circuit of each transconductor in Fig. 
2 is considered, circuit simulations allowed us to verify that the 
main contribution to ΔGm is due to mismatches in the 
transconductance of the driver transistors, ΔgmD, resulting in: 

௠,ௌிܩ∆  = ଵோ ∙ ∆௚೘ವ௚೘ವ ∙ ௚೚ವା௚೚ೄ௚೘ವ ∙ ଵଵାమೃ∙ భ೒೘ವ (9a) 

௠,ி௏ிܩ∆  = ଵோ ∙ ∆௚೘ವ௚೘ವ ∙ ௚೚ವ௚೘ವ ∙ ଵଵାమೃ∙ భ೒೘ವ∙೒೚ವశ೒೚ೄ೒೘ಷ  (9b) 

௠,ௌௌிܩ∆  = ଵோ ∙ ∆௚೘ವ௚೘ವ ∙ ௚೚ವ௚೘ವ ∙ ଵଵାమೃ∙ భ೒೘ವ∙೒೚ವశ೒೚ೄೆ೒೘ಷ  (9c) 

As observed, the feedback loop inherent in the FVF and SSF 
solutions reduces the contribution of the denominator of the last 
term in (9b) and (9c) as compared to (9a), thus increasing the 
corresponding value of ΔGm for the solutions based on improved 
voltage followers. Nevertheless, as it will be shown next, the 
ratio Gm/ΔGm, which is indicative of CMRR, is greater for 
approaches based on FVF and SSF transconductors, due to the 
severe degradation of Gm as R is reduced in the case of the 
conventional SF structure. 

The values of Gm and ΔGm for the three transconductors in 
Fig.  2,   i.e.,   SF,   FVF   and   the   SSF   approach,   have   been 

 

Fig. 4. Implementation of the proposed ICF IA. 

 

determined by means of Montecarlo simulations, taking into 
account mismatches and process variations over 500 runs. The 
differential-to-common transconductance ratio, Gm/ΔGm, for the 
SF, FVF and SSF-based transconductors were determined to be 
88.6 dB, 122.7 dB and 136.5 dB, respectively. The DM-to-CM 
transconductance ratio provides an idea of the CMRR. Indeed, it 
is shown in Section V that the values provided for the Gm/ΔGm 
ratio are related to CMRR values obtained for each different of 
the IA, i.e., SF, FVF and SSF. 

IV.  ICF IA IMPLEMENTATION 

Figure 4 illustrates the circuit implementation of the 
proposed IA based on ICF. It consists of input and output 
transconductors, represented as black boxes, and a single gain 
stage. The input and output V-to-I converters have been 
implemented by following the SF, FVF and SSF configurations 
in Fig. 2. The current-mirroring approach is followed for current 
signals summation, as it results more convenient taking into 
account the FVF and SSF structures. In Figs. 2(a) and 2(c) it may 
be seen that in the SF and SSF cells the current signals of input 
and output transconductors are copied to the output terminal by 
means of NMOS current mirrors, signals vXN and vYN. Therefore, 
the circuit in Fig. 4 corresponds particularly to the exact 
implementation of these two solutions. On the contrary, the FVF 
configuration, Fig. 2(b), uses PMOS current mirrors for signal 
processing, signals vXP and vYP, and, hence, the complementary 
structure of the single-stage IA was implemented. Only one 
circuit schematic is drawn here for the sake of conciseness. 

The nominal voltage gain of the IA, which is given by (1), 
has a fixed value of 10 V/V. It may be rewritten as RO/RI for the 
FVF and SSF cases, as, according to (6) and (7), the effective 
transconductance of these cells is essentially the inverse of the 
value of the resistor in the V-to-I converter. 

V. SIMULATED PERFORMANCE COMPARISON 

The IA illustrated in Fig. 4 has been designed in standard 
0.35-μm CMOS technology following the three previously 
mentioned approaches to operate with a 1.8 V supply voltage 
(VDD = –VSS = 0.9 V). The nominal threshold voltages for NMOS 
and PMOS transistors were equal to 0.50 V and –0.65 V, 
respectively, while the degeneration resistors were implemented 
with the available polysilicon layer. Bias current of each voltage 
follower branch, i.e., IB in Figs. 2(a) and 2(b) and 2IB in Fig. 2(c),  
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Fig. 5. Voltage gain error of the ICF IA for different RO/RI ratios (RI = 1 kΩ). 

 

was set to 20 µA. Thus, the quiescent current flowing through 
the driver transistors in the SF and FVF transconductors was 
twice than in the case of the SSF structure, according to the 
circuit schematics in Fig. 2. Current sources were implemented 
as single-transistor structures and vI,CM was set equal to 0.9 V. 

As indicated previously, the voltage gain of the IA relies on 
the ratio of the input and output transconductances, GmI/GmO, 
which is a function of the degeneration resistors ratio, RO/RI. In 
the case of the SF V-to-I converter, this relationship is difficult 
to be predicted after fabrication, while for the FVF and SSF 
transconductors the ratio GmI/GmO is almost constant and equal 
to RO/RI. Nevertheless, as GmI and GmO, and consequently RI and 
RO, are made different to adjust the voltage gain, a systematic 
error is produced. Figure 5 shows the voltage gain error in each 
approach as a function of the nominal voltage gain. As observed, 
the value of the voltage gain of the SF solution substantially 
differs from the expected value. In contrast, the IAs based on 
FVF and SSF transconductors provide voltage gains close to the 
ratio RO/RI. As previously mentioned, the error induced in both 
approaches is due to systematic mismatch between input and 
output transconductance cells, which appears when RI and RO 
take a different value and is predicted by the terms on the right 
side in (6) and (7). 

The rest of the three IA performance is summarized in Table 
I. Parameters on which mismatches and process variations have 
a key impact, such as CMRR and offset voltage (Voff), have been 
derived from Montecarlo analyses. Even though performance 
comparison should consider that biasing conditions of each kind 
of transconductor are not exactly the same, the overall response 
of the FVF and SSF amplifiers seems to be superior to the 
conventional SF counterpart. In particular, the improved 
followers provided much higher voltage gain accuracy and 
CMRR, even though the CMRR of the FVF approach is lower 
at DC as compared to the other two approaches. Besides, the 
CMRR responses are in general in agreement with the Gm/ΔGm 
results provided in Section III. Finally, it is worth to mention that 
the performance in Table I is comparable to other IAs that can 
be found in the literature, [2]-[7]. 

TABLE I.  SIMULATED PERFORMANCE SUMMARY OF THE ICF IA 
(TECHNOLOGY: 0.35-μm CMOS, VDD = 1.8 V, AV,NOMINAL = 10 V/V) 

Parameter SF FVF SSF 

Current consumption (μA) 159.7 172.3 119.5 

DC voltage gain error (%) 75.23 4.70 4.97 

BW (MHz) 11.55 9.48 7.26 

CMRR±σ(CMRR) @ DC (dB) 71.7±14.2 67.8±15.5 87.0±12.2 

CMRR±σ(CMRR) @ BW (dB) 38.6±3.1 59.9±10.5 52.2±5.0 

Voff±σ(Voff) (mV) 1.1±9.6 1.0±11.7 0.7±12.6 

THD @ vI = 5 mVpp / fI = 1 kHz (dB) -69.46 -44.0 -61.1 

SR+ / SR− (V/μs) 2.4 / 2.4 9.7 / 6.1 7.1 / 7.0 

Integrated input-referred voltage 
noise 1 Hz to BW (μVrms) 

41.5 21.9 23.1 

 

VI. CONCLUSIONS 

The analysis and extensive simulation of transconductance 
cells based on three different approaches of resistive source 
degeneration, has shown that the use of improved voltage 
followers, i.e., the FVF and the SSF, leads to an improved 
behavior in terms of ratio Gm/ΔGm with respect to the 
conventional approach, that is, the SF. A single-stage ICF IA, 
incorporating SF, FVF and SSF in the input and output V-to-I 
converters, has been designed in standard 0.35-μm CMOS 
technology to operate in a 1.8 V supply voltage. Simulated 
results, including Montecarlo analyses, have confirmed higher 
voltage gain accuracy as well as better CMRR, SR and noise 
metrics, among others, for the improved FVF and SSF solutions 
as compared to the conventional SF configuration. 
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