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Drew A. Hall  , Kofi A.A. Makinwa  ,  
and Taekwang Jang  

Quantifying Biomedical 
Amplifier Efficiency

here has been a long- 
standing interest in  
controlling and in-

strumenting the hu-
man body. Whether 

to restore lost function with neu-
ral prosthetics, monitor blood 
glucose levels, or augment human 
capabilities, there are countless op-
portunities for sensors inside (e.g., 
ingestible, injectable, and implant-
able) and outside (e.g., wearable) the 
body. However, many challenges ex-
ist when instrumenting the body. 
First, many use cases (e.g., implanted 
sensors) require long-term recording 
to capture anomalous behavior—
sometimes with limited accessibility 

—necessitating ultralow power 
consumption. Second, the power 
reduction challenge is further ex-
acerbated by size constraints, which 
limit battery capacity or harvestable 
energy levels. Third, the signals of in-
terest are often low bandwidth (kHz) 
and small in amplitude (µV to mV); 
thus, low-noise front ends are need-
ed. Addressing these challenges has 
led to a large body of work on the 
design of highly power-efficient, 
low-noise amplifiers for biomedical 
integrated circuits.

Many metrics have been devised 
to capture the performance of these 
amplifiers. For example, the well-
known gain-bandwidth product 
quantifies the tradeoff between gain 
and bandwidth. Another example 
is the noise efficiency factor (NEF), 

which quantifies the tradeoff be-
tween the bias current of an amplifier  
and its input-referred noise. This 
article describes the history of the 
NEF and provides examples of 
its application to address common 
misunderstandings, followed by 
some circuit techniques to improve 
noise efficiency.

History
In 1987, in their seminal paper [1], 
Steyaert, Sansen, and Zhongyuan 
proposed the NEF. They aimed to 
quantify the fundamental tradeoff 
between the supply current of an am-
plifier and its input-referred noise. 
Intuitively, this tradeoff is obvious: 
more current should lead to lower 
input-referred noise. To obtain a 
unitless quantity, the NEF is defined 
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with respect to the input-referred 
noise of a BJT-based amplifier. At the 
time, such amplifiers were believed 
to achieve the best noise efficiency—
the lowest noise for a given supply 
current. In recent years, however, 
even better amplifier topologies 
have been invented. However, be-
fore we discuss them, we will first 
go through a few examples to illus-
trate the somewhat confusing use of 
the NEF. As described in [1], the NEF 
is defined as

NEF v
V k Tf

I
4

2  ,rms
BW

tot
n

T B
_

r

where vn,rms is the input-referred 
noise of the amplifier being compared, 
assuming a single-pole low-pass filter 
located at the signal bandwidth of fBW; 
Itot is the amplifier dc current; VT is 
the thermal voltage; kB is Boltzmann’s 
constant; and T is the temperature. 
This definition of input-referred 
noise has created some confusion 
about how the NEF should be calcu-
lated, but we will discuss this more 
later. Thus, the NEF captures the 
fundamental tradeoff between an 
amplifier’s supply current and its 
input-referred noise (with a few con-
stants and an extra factor of 2 sprin-
kled in for good measure).

For the common-emitter BJT am-
plifier shown in Figure 1, the noise 
power spectral density (PSD) of the 
output current, iC,  is given by

f
i qI k Tg2 2

 

2
C

C B mT
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where IC is the dc collector current 
and q is the electron charge. Note 

that this only accounts for the col-
lector current’s shot noise and ne-
glects its flicker noise, the base 
current’s shot noise, and the base 
resistance’s thermal noise. Further-
more, the transconductance, gm, 
of a BJT is IC/(kBT/q), allowing us 
to simplify the noise PSD expres-
sion. The total input-referred voltage 
noise, assuming that the amplifier 
exhibits a single-pole response with 
a bandwidth of fBW, is

.
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Including the π/2 factor, which ac-
counts for the equivalent noise band-
width of the single-pole response, is a 
necessary step since brickwall filters 
do not exist; hence, the noise PSD at 
frequencies beyond fBW must also be 
taken into account. Over the years, 
many authors have neglected the π/2 
term, thus artificially reducing their 
reported NEF by 20% by only integrat-
ing their amplifier’s noise density up 
to the signal bandwidth.

Finally, the NEF of the common-
emitter BJT amplifier is
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where Itot = IC. Note that contrary to 
what is commonly thought, NEFbjt  is 
not equal to 1. So, an NEF of /1 2  
means that an amplifier has the 

same noise efficiency (input-referred 
noise for current invested) as a BJT 
common-emitter amplifier with a 
noiseless load. Since a BJT-based dif-
ferential pair has two uncorrelated 
noise sources and consumes twice 
the current for the same transconduc-
tance, it has an NEF of 2 .

What about MOSFET-based am-
plifiers? The input-referred noise of 
a common-source amplifier with a 
noiseless load is

v
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where c  is the noise coefficient 
(~2/3 for a long-channel MOSFET). 
So, the NEF is
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where ID is the drain current. This in-
dicates that to minimize the NEF, we 
should maximize gm/ID — the trans-
conductor efficiency — by operat-
ing the MOSFET in the subthreshold 
region. Here carrier movement is 
no longer predominantly due to 
drift but rather is due to diffusion; 
hence, the noise in the drain current 
behaves like shot noise and is

 / /
f

i qI qg V k Tg2 2 2
 

2
D

D m T B mT
l l= = =

where l  is the gate coupling coef-
ficient that quantifies the capacitive 
division between the gate oxide and 
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FIGURE 1: The common-source BJT amplifier used as the reference point for NEF and the equivalent small-signal model.
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the depletion capacitance (or alter-
natively, the subthreshold slope 
parameter, n = 1/l ). Thus, the NEF 
of a common-source amplifier bi-
ased in subthreshold is

.
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It is thus 1/l  times worse than that 
of a common-emitter amplifier. For 
l  = 0.7, the NEF is 1.01. For a differ-
ential pair, the NEF is 2.02, a value 
long considered to be the lower limit 
on the achievable NEF of a MOSFET-
based amplifier.

Structures That Beat the NEF “Limit”
The inverter-based amplifier shown 
in Figure 2(a) is a simple way to im-
prove on the NEF of a differential pair. 
It has twice the transconductance 
(Gm = gmn + gmp) for the same bias 

current, reducing its input-referred  
noise and resulting in a /1 2  NEF 
improvement (from 2.02 to 1.43) 
[2], [3]. Extending this concept by 
stacking more transconductors can 
further increase the extent of the 
current reuse. To the authors’ knowl-
edge, this was originally proposed 
in a patent [4], in which the same 
current was reused by independent 
amplifiers in a multichannel configu-
ration to save power. More recently, 
in a neural recording front end [5], 
PMOS differential pairs are stacked 
for orthogonal current reuse among 
multiple channels. A similar single-
channel chopper amplifier was sub-
sequently proposed [6], in which the 
same input is modulated/chopped 
at different frequencies and then ap-
plied to stacked differential pairs, as 
shown in Figure 2(b). This concept 
was further generalized in [7] and 
implemented in [8], where sub-unity 
NEF was achieved for the first time, 

as shown in Figure 2(c). This work 
stacked five differential pairs with 
ac-coupled inputs for an ECG ampli-
fier that consumed just 13.9 nA from 
a 1.35 V supply and achieved a 0.86 
NEF. While the NEF decreases as the 
number of stacked transconductors 
increases, the minimum supply volt-
age also increases, reducing the ben-
efit of continued stacking. It is also 
worth pointing out that while trans-
conductor stacking boosts the total 
transconductance (the reason why it 
is often referred to as Gm-boosting), 
the output impedance goes down by 
the same amount; thus, the resulting 
voltage gain is the same as that of 
an inverter-based amplifier! Despite 
these limitations, Gm-boosting is a 
simple, but highly effective, way of 
achieving lower NEF.

The NEF limitation for MOSFET-
based amplifiers stems from their 
current noise (4kBTmgm) and maxi-
mum gm/ID. These can be overcome 
if amplification is performed with-
out using MOSFETs as transconduc-
tances. One such structure that does 
this is a series-parallel amplifier 
(SPA), a well-known building block 
in switched capacitor dc–dc con-
verters. As shown in Figure 3, this 
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FIGURE 2: The continuous-time structures that beat the NEF “limit,” namely, (a) an inverter-based amplifier, (b) a stacked inverter-based  
amplifier, and (c) a Gm-boosted stacked amplifier.

While the NEF decreases as the number of 
stacked transconductors increases, the minimum 
supply voltage also increases, reducing the 
benefit of continued stacking.
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 amplifier samples an input voltage 
on N parallel capacitors and pro-
duces an amplified output by con-
necting the capacitors in series, thus 
achieving a gain of N, where N is the 
number of capacitors [9]. The sam-
pling results in a non-infinite input 
impedance of / ;sNC1 S  however, this 
is typically quite large, e.g., .1 6MX 
at 1 kHz, even with NC 100 pFS =  
[9]. The sampling noise, kBT/NCS, is 
spread from 0 to fs/2, making the 
noise PSD = / .k T NC f2 sB S  Due to the 
sample-and-hold nature of switched 
capacitor circuits, the noise spill-
over to frequencies higher than fs/2 
is sinc-shaped. However, this effect 
is negligible, assuming that fs is 
much higher than fBW. Therefore, the 
input-referred noise of the SPA is

.v
NC f

k T f2
2,SPA BWn

S s

B r=

While an SPA does not have a bias 
current, it does draw supply current 
to charge the switch’s gate capaci-
tance, Cg,tot, where Cg,tot is propor-
tional to NCS, as the switch must be 
sized to ensure that the voltage on 
CS settles during the sampling phase. 
The total current is

I NC V fSPA DDS sb=

where b  is the ratio of Cg,tot/NCS.  
Finally, the NEF of the SPA is

.
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Table 1 summarizes the noise 
performance of a continuous-time 
stacked amplifier and an SPA. The 
continuous-time amplifier’s NEF 
is limited by the gm/ID ratio, while 
that of the SPA depends on the 
capacitance ratio, ,b  and can be 
much lower than 1. For example, 
in a 180-nm process, with VDD = 1 V 
and b  = 0.01, an NEF of 0.45 was 
achieved [9]. However, b  improves 
with technology scaling, making the 
SPA more attractive in advanced 
technology nodes. Note that the 
SPA operates like a transformer 
that amplifies an input voltage at 
the expense of load-driving capa-
bility. Therefore, it is important to 
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Φ1 Φ2
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Cs Cs
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FIGURE 3: A simplified schematic of a 1:2 
switched capacitor circuit.
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FIGURE 4: A survey of the reported NEF for biomedical amplifiers from 2007 to 2022.

TABLE 1. A COMPARISON OF CONTINUOUS-TIME AMPLIFIERS AND SPA.

 CONTINUOUS-TIME AMPLIFIERS SPA

Noise spectral density
g
k T

m

B? NC f
k T

s s

B?

Current consumption ID? NC fs s? b

NEF 1
g
I

Vm

D

T
?

2V
V

T

DD
?

b

The stringent energy budget of implantable and 
wearable systems has motivated the design 
of amplifiers with high noise efficiency for 
sensor interface circuits, particularly in arrayed 
applications such as multichannel neural recording.
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minimize the input capacitance of 
the following stage; thus, a unity 
gain buffer is typically adopted 
[9], [10]. At the same time, the bot-
tom capacitance of the CS reduces 
the gain or the input impedance of 
the SPA, which can be resolved by 
adopting an adiabatic switching 
technique [10].

Trends
The stringent energy budget of im-
plantable and wearable systems has 
motivated the design of amplifiers 
with high noise efficiency for sen-
sor interface circuits, particularly 
in arrayed applications such as mul-
tichannel neural recording. As a re-
sult, the NEF of biomedical amplifiers 
has slowly decreased over the last 
several decades, as shown in Fig-
ure 4. From 2006 to 2016, the NEF 
was primarily reduced by operating 
MOSFETs in subthreshold and using 
inverter-based amplifiers. However, 
as shown earlier, the reduced trans-
conductor efficiency of MOSFETs 
limits the NEF of a common-source 
amplifier to ~1, which is why these 
designs saturated at ~1.2. In 2017, 
inverter-stacking amplifiers were 
reported, resulting in NEFs below 
one. In 2020, the discrete-time SPA 
was introduced, resulting in NEFs 
below 0.5 for the first time. In the 
meantime, many of these new topolo-
gies have spread beyond biomedical 
applications and have been used in 
ADCs [11], general-purpose amplifi-
ers [12], and oscillators [13].

Concluding Remarks
In this article, we introduced the 
implication and application of the 
NEF, which aims to quantify the fun-
damental tradeoff between the sup-
ply current of an amplifier and its  

input-referred noise. Therefore, 
the NEF of an amplifier can be in-
terpreted as “how much noise it 
generates for a given bias current” 
or “how much current must be in-
vested to achieve a given input-
referred noise.”

We also explained a common mis-
take in the measurement of the NEF. 
The definition of the NEF assumes 
that the amplifier’s bandwidth is 
limited by a 1st order low-pass fil-
ter. If this is not the case, the filter’s 
equivalent noise bandwidth should 
be accounted for by scaling the in-
tegrated input-referred noise in the 
signal bandwidth by /  2r . If the filter 
is implemented, the full spectrum of 
the input-referred noise beyond the 
maximum signal bandwidth needs to 
be integrated.

Unlike other empirical FOMs, the 
NEF describes the fundamental noise 
and current tradeoffs between the in-
put-referred noise, current consump-
tion, and bandwidth based on their 
physical relationship. Thus, the NEF 
is not dependent on nonfundamental 
parameters such as technology node, 
area, and supply voltage and thus 
provides a fair way of comparing the 
noise efficiency of different ampli-
fier topologies.

Finally, it should be noted that 
the NEF is limited to the tradeoff be-
tween supply current and noise and 
does not capture all aspects of am-
plifier performance. For example, it 
does not take the technology into ac-
count, so for the same topology, BJT-
based amplifiers will outperform 
their MOSFET-based counterparts. 
It also does not consider frequen-
cy-dependent noise sources like 
flicker or induced gate noise. So, 
for a given bandwidth and topolo-
gy, low-frequency amplifiers whose 

in-band noise PSD is dominated by 
flicker noise will have a higher NEF 
than amplifiers whose in-band noise 
PSD is dominated by thermal noise. 
Last, besides reducing noise, the 
supply current is also required to 
improve other aspects of amplifier 
performance. For instance, achiev-
ing a wide bandwidth, high CMRR 
or PSRR, good linearity, or good 
input and output impedance may 
increase current consumption with-
out reducing the noise, which wors-
ens NEF. So, besides the NEF, other 
performance metrics must always 
be considered when evaluating an 
amplifier’s performance.
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