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An ultra-low noise fully-differential amplifier

Enrique M. Spinelli* and Marcelo A. Haberman

Abstract— A general-purpose instrumentation amplifier must be
de-coupled and have a differential input to handle both differential
and single-ended input signals. It also must exhibit low input noise
in both voltage and current, to accommodate a wide range of signal
source impedances. Additionally, having a differential output is
desirable to allow direct connection to current high-resolution
analog-to-digital converters (ADCs) which have differential
inputs. There are commercially available devices with e,, voltage
noise spectral densities as low as 1 nV/vHz but present high
current noise spectral densities i,, of a few pA/ VHz . On the other
hand, there are also devices with i, as low as a few fA/ VHz but
presenting e,, around 10 nV/yv/Hz . To obtain low values of both
e, and i,, a fully differential circuit topology combining discrete
Junction Field Transistors (JFET) and Operational Amplifiers
(OA) is proposed. Design equations, stability analysis, and
experimental results are presented. As an example, a fully-
differential instrumentation amplifier has been designed, built,
and tested showing e,<1nV/vHz @1 kHz and i,<10 fA/vHz
@1 kHz. The proposed topology finds applications such as front
ends for measuring and testing instruments, industrial
instrumentation, and audio circuits.

Index Terms— low-noise amplifiers, fully-differential circuits,
instrumentation amplifiers.

[. INTRODUCTION

Low impedance sensors such as strain gauge bridges,
magnetometers, moving coil phono cartridges,
microphones, and geophones among others, feature very low
source impedances, of a few hundred ohms and lower. Their
intrinsic noise is very low, thus demanding instrumentation
amplifiers with voltage noise spectral densities below 1
nV/+vHz to avoid degrading the sensor signal-to-noise ratio
(SNR). This kind of devices, denoted as ultra-low noise
amplifiers, are difficult to implement with commercially
available integrated circuits and must be solved by hybrid
amplifiers, which combine operational amplifiers with discrete
transistors in the input stage [1], [2], [3].

The lowest noise level is achieved with single-ended hybrid
amplifiers since they can be designed to present the noise of a
single active device [1], [4]. However, the use of this kind of
amplifier is limited to sensors with single-ended output and
requires very low-noise supply and bias voltages [4], thus
restricting their use in those laboratory applications. On the
other hand, the input-referred noise of a differential amplifier
topology corresponds to the contribution of the two transistors
composing its input stage. This is a bit higher than the single-
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ended case, but power supply and bias voltage noises work as
common-mode sources and do not contribute significantly to
the overall amplifier noise. In addition, a general-purpose front
end must have a differential input to work with booth
differential and single-ended input signals, and nowadays a
differential output is also desirable to provide a direct
connection to high-resolution analog-to-digital converters
(ADCs) with differential inputs. Then, a front end for a wide
range of applications should be fully differential with very low
voltage and current input noise levels. It is also desirable a dc-
coupled feature, which is mandatory for dc signals, but also
useful to optimize noise and dynamic range when amplifying
very low-frequency voltages [4], [5].

There are commercially available integrated instrumentation
amplifiers based on Bipolar Junction Transistors (BJT) as the
INA849 and the INA8S1 of Texas Instruments [6, 7] with noise
spectral densities e,, as low as 1 nV/+/Hz, but present current
noise spectral densities i,, of around 1000 fA/+/Hz . In addition,
there are fully-differential instrumentation amplifiers based on
CMOS technologies as the LTC6373 of Analog Devices [8]
with i,=1 fA/vHz, but featuring e,=8 nV/vHz . Therefore,
the device must be selected according to the source impedance
Zs and the solution is not suitable for general-purpose
instrumentation amplifiers, which should work properly across
a wide range of Zs. For instance, top-grade brands as Stanford
Research offer BJT preamplifiers for low Zg and JFET
preamplifiers for high Z¢ values [9].

For now, the only way to simultaneously achieve low e,, and
i, values, thereby avoiding segmented solutions, is by using an
input stage composed of discrete JFETs [10]. Designs based on
this approach, that allows achieving voltage noise spectral
densities e,, below 1nV/vHz and current noise spectral

densities i, of just a few tenths of fA/v/Hz have been
proposed [3, 10, 11, 12]. They work on very low-frequency
signals, but they cannot work on dc signals as some
instrumentation applications require. The main characteristics
of the mentioned alternatives are summarized in Table 1.

It is worth noting that ultra-low noise amplifiers achieve very
e, and i,, values by brute force: using JFETs specially designed
and manufactured to obtain the lowest noise possible [13],
regardless of circuit power consumption, size, and sometimes
cost. Moreover, several JFETs are often connected in parallel
to reduce e, at the expense of increasing i, and the input
capacitance Cy, [1].
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TABLE 1. COMPARISON OF THE PROPOSED CIRCUIT WITH OTHER WORKS

DC- F-D Fixed  TYPE  e,@lkHz i,@lkHz C, CMRR PSRR NL PSV I, GBP

Coupled gain nV/vHz fA/VHz ©PF dB dB ppm *V mA MHz

This work  YES YES YES JFET+OA 0.9 <10 23 109 84 <50 12 45 200
[8] YES YES YES IC (JFET) 8.0 <10 15 104 120 3 5-18 5 64

[7] YES YES  YES IC (BJT) 32 800 7 124 110 5 5-18 6 800

[6] YES NO YES IC (BJT) 1.0 1100 7 110 100 3 5-18 6.2 800
[3] NO YES*  YES JFET+IA 1.0 50 80 - - - 12 =220 1
[12] NO YES* NO JFET+OA 0.8 <10 460 - - - 12 =10 3

[11] NO YES* NO JFET+OA 1.0 - - - - - 12 =35 700

*These circuits include a final stage to provide a single-ended output, but their front ends are fully differential (F-D). Column labels NL,
PSV, I, and GBP denote respectively: nonlinearity, power supply voltage, quiescent current, and gain bandwidth product.

Regarding custom integrated circuit solutions, they are
designed dealing with several constraints, such as area, power
consumption, and low power supply voltages. They achieve
very low noise efficiency factors (NEF) but have high absolute
values of their voltage noise spectral density e,, which ranges

from 10-100 nV/vHz [14, 15, 16]. This also occurs, to a lesser
extent, for commercial IAs, that are designed to operate over a
wide range of supply voltages and moderate power
consumptions, thus limiting in the lower achievable noise
values.

An appropriate topology to implement low-noise fully-
differential amplifiers, able to work from dc, is the current
feedback scheme depicted in Fig.1. This beautiful topology is
old but current and was introduced in the MODEL 601 Data
Amplifier by Analog Devices in 1968 [17] and then
implemented in several instrumentation amplifiers integrated
circuits from the AD524 released in 1983 to the recent low-
noise instrumentation amplifier AD849 [6]. It was also used in
discrete implementations for microphone preamplifiers such as
the Harrison PC1041 produced in 1978 [18] and the double-
balanced version proposed in [19]. The circuit works in a
closed-loop scheme for common-mode signals that set a
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Fig. 1. Fully-differential current feedback amplifier scheme. The common
mode feedback ensures the transistors’ operating point regardless of their
parameters, while the differential-mode feedback set a precise gain G, = 1 +
2Rz /R,.

collector bias current /; and a collector voltage V. independent
of transistor parameters:

Ic=Wp—=Vg)/Rc ; Vc=Vp )

and also for differential voltages, ensuring a well-defined gain
G, set by the fully-differential attenuator composed of resistors
Rg, Ry, Rp and given by:

G, =1+2Rz/R,. )

In this circuit, power-supply voltages and the bias source Vp
work as common mode generators and do not contribute to the
overall noise. In addition, the input stage transistors operate at
a constant collector voltage reducing the Miller effect.

All the implementations of the circuit in Fig.1, both with
discrete components as by integrated circuits, have been made
using a BJT input stage, leading to a somewhat high current
noise spectral density. To remedy this, it is proposed to replace
the BIT pair with JFET devices resulting in the circuit depicted
in Fig.2. It presents some differences in the operating point
behavior but inherits the excellent characteristics of the current
feedback topology whereas featuring very-low bias and noise
currents, thus extending its use to moderate or high impedance
sensors. The proposal is simple but effective, its key is the
availability of JFET devices with voltage noise spectral
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Fig. 2. Proposed fully-differential amplifier scheme. The common mode
feedback ensures constant JFET bias current, while the differential-mode
feedback set a gain G, = 1 + 2Rz /R, independent of the JFET parameters.
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densities e,, similar to that of BJTs and current noise values i,
three orders of magnitude lower.

II. PROPOSED CIRCUIT

The proposed circuit, shown in Fig.2, can be seen as a JFET
version of the circuit in Fig.1 or as a fully-differential obtained
by mirroring the single-ended amplifier proposed in [4]. Being
a fully differential circuit, inside it coexist common mode (CM)
voltages that set the operating point and differential mode (DM)
signals that are amplified. A proper circuit behavior must be
ensured for both modes [20], [21].

A. Operation point analysis

The drain current I, and the drain voltage V}, of the JFETs
are imposed by the OA virtual ground and are given by:

In =p—Vg)/Rp ; Vp=Vp. 3)

The relationship between I, and the Gate-Source voltage Vi
can be approximated by a quadratic function given by:

Ip = Ipss(1 — VGS/VGSC)Z . 4)

where Ipgs is the JFET saturation current, Vige is its cutoff
voltage, and Vs is the gate-source voltage. The OA output
voltage V,, is given by:

Vo =Vic = IpRg — Vgsc (1 - \/ID/IDSS) ’ (%)

where V;. is the common mode input voltage. Typically, Vg is
around -1 V and, to achieve low voltage noise spectral densities
erer, values of I, close to Ipgs are used. Then, the last term in

(5) can be neglected:
Vo = Vic — IpRs. ©)

This imposes the minimum V;. admissible to avoid the OA
output saturation at Ve y:

Vic > Vomin + IpRp. @)

The maximum V. is that ensures a minimum drain-source
voltage Vpsp v value and is given by:

Vic <Vg = Vpsmin- ®

Finally, the common mode input range can be expressed as:

(@) Q)

Fig. 3. (a) Differential mode equivalent half circuit and (b) Common mode
equivalent half circuit.

Vomin + IpRg <Vie < Vg = Vpsmin- O]

This equation does not impose a hard restriction. For example,
adopting typical parameters values as I,=10 mA; Rz=500 Q;
Vomin=—10V; V=6 V; Vpspun=1V, the amplifier will work
properly with common mode input voltages V;; between -5 V
to+5 V.

B. Frequency response and stability issues

The topology is fully differential and its dynamic for CM and
DM signals can be analyzed separately using the differential
mode and the common mode equivalent half-circuits shown in
Fig.3(a), and Fig.3(b), respectively [21]. Both half-circuits must
be stable to ensure the stability of the overall circuit [20], [22].

C. Common mode stability and frequency response

Disregarding the capacitor Cr and solving the circuit of

Fig.3.b, the common mode closed-loop gain Ggc(s) =
Vo (8)/Vic(s) results:
ngD
T+ gk, A
Gee(S)lep=0 = R (10)
4+ Im_D__ Imip A( )
T+ gnRp
where the open loop gain is given by:
9mRp
GH(s) = ————A(s). 11
(5) = 15 5 A) (1

The worst case corresponds to the lower value of R and is
GH(s) = gmRpA(s): the OA open loop gain is increased by a
factor g,,Rp and the circuit becomes unstable. This shows the
necessity of including the capacitor Cr. By so doing, the OA
works as an integrator for the drain’s current, the open loop gain
is Go,(S) = gim/SCrG,,, and (11) becomes:

1
1+ sCr(g7t +Rg)

Gee(s) = (12)
The circuit presents a first-order transfer function. It is stable,
with a unity gain for low frequencies and a cutoff frequency f;
given by:
1

fe = ot g + Re)

(13)

D. Differential mode stability and frequency response

For differential mode voltages, the circuit works like its
single-ended version analyzed in [4], which exactly matches the
DM circuit in Fig.3(a). It does not present stability problems,
even without Cr, when a closed-loop gain G,, greater than g,, R
is set, but this capacitor must be included to ensure common
mode stability and the differential closed-loop gain Gpp(s) =
Vop(8)/Vip(s) results in [4]:

Gy
14 sCxGr/9m’

thus, verifying a first-order response with a low-frequency gain
G,, and a -3 dB cutoff frequency f, given by:

Gpp(s) = (14)
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9m

Gn=1+2RB/RA 5 fczanG .
FYn

(15)

E. Amplifier noise Analysis

The differential mode noise of the proposed circuit can be
analyzed from its differential mode half-circuit [23] depicted in
Fig.4. Note that this circuit is similar to that of the single-ended
amplifier in [4], with the advantage that noise sources such as
the power supply and the bias voltage V act as common-mode
sources and do not contribute significantly to the overall
amplifier noise. The capacitors Cr were omitted because they
do not affect the amplifier noise gain within its bandwidth.

R,/2 Rp erp

€Rra/2

Fig. 4. Equivalent differential noise circuit of the proposed amplifier.

The JFET voltage noise is represented by eppr and the
generators eg4, €gp, €gp Model the noise of resistors Ry, Rz, Rp
respectively. The OA voltage and current noises are modeled
by e, 4 and i, 4 sources. Solving the circuit in Fig.4 to obtain the
output noise e, and then referring it to the input, the input-
referred noise e;y of the half circuit is given by:

_ €rp |, lna , €rp T €na
€y = epgr T eraj2 T G T T T R
n gm gm D

The above equation is valid for instantaneous values of
deterministic signals, but stochastic signals as noise are
described by statistical features such as standard deviation in
Volts RMS or spectral densities expressed in V?/Hz or
V/v/Hz . Assuming that the different noise sources in (16) are
statistically independent, the mean square value e?; is given by:

(16)

efp +eia
(gmRp)* "

This result represents the contributions of the components of
one half of the circuit. The other half of the circuit contributes
in the same way [13] and finally, the input referred overall
differential mode noise e? is given by:

.2
erp? lna
eiszelgET+eI€A/2+(G ) +(L) + 17
n

Im

erp\2 a2 e3, +e2
ef ~ 2efgr + ef +2(£) +2(LA) +2-R8 14,
' FET Ra Gn 9m (gmRp)?
Being dc-coupled, the proposed circuit presents constant
transfer functions within the bandwidth of interest and (18) also
expresses the noise spectral density with just a change of units
from [V*] to [V*/Hz] .

(18)

Considering that, even for bipolar OA devices, i, is of just
a few pA/vHz and g,,, values of tens of mS, the term i, 4/ g,
results of the order of tenths of nV/y/Hz and can be neglected.
The term egg/G, can also neglected against ep, because
erg/Gn < egy and e? can be approximated by:

ekp + s
(gmRp)?*’
The gain g,,Rp provided by the JFET stage is around 20-30
times and as can be seen from (19), it relaxes the noise

constraints for epp and e, 4 and the input-referred noise can be
approximated by:

e? ~ 2eZgr +ei s+ 2

(19)

el = 2efer + ek (20)

The noise of R, appears directly at the input, but the proposed
topology allows using very low R4 values of just a few ohms.
In this case, its effects can be neglected, and the overall
amplifier noise is dominated by the JFET voltage noise leading
to:

e ~ VZepgr 1)

Then, the amplifier noise is almost exclusively due to the
voltage noise of the JFET. This is an important feature: the
amplifier noise can be reduced by reducing the JFET noise. This
can be made by selecting low-noise devices or by using several
JFETs in parallel. It seems obvious, but in the case of single-
ended circuits it is not enough to connect JFETS in parallel but
rather complete amplifiers, because otherwise the noise
contributions of Vz and V, become significant [4]. For this
differential topology, when connecting N JFETSs in parallel the
input-referred amplifier voltage noise e; reduces VN times
while the current noise i; increases in the same factor [24]:

e; ~ V2 eppr /YN ; i; = V2Niggr . (22)

There are JFETSs as the IF3602 of Interfet™ [13] that feature
very low epgr values, but present huge input capacitances, of
several hundreds of pF, thus limiting the amplifier bandwidth
in front of moderate or high source impedances; and huge input
offset voltages, up to 100 mV, that force to ac-coupling input
stages [2, 3] to set a significant gain at the front end.
Additionally, these devices are very expensive. Then, the use of
several JFETs in parallel is a good choice [1, 24] and provides
an additional design variable: the number N of JFETs in parallel
to solve the tradeoff between voltage noise, current noise, input
capacitance, and power consumption.

III. DESIGN EXAMPLE

As an example, a fully differential instrumentation amplifier
to act as a front end for measuring instruments is depicted. The
main features are a nominal gain G,=60 dB, a signal bandwidth
BW from dc to 100 kHz, a voltage noise e;<1nV/vHz
@1 kHz and a current noise i;<10 fA/+/Hz @1 kHz.

To achieve e;<I nV/vVHz@1 kHz the JFE2140 of Texas
Instruments was selected, which presents epzr~0.9 nV/v/Hz
@1 kHz for I, = 7 mA [4]. Larger I, currents result in slightly
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lower eggr values but demand significant output currents on the
OAs. With just a JFET pair (N=1) the input-referred noise
predicted by (21) is e; = V2epzr = 1.2 nV/v/Hz@1 kHz . To
reduce e; bellow 1 nV/+/Hz@1 kHz two JFETS per side (N=2)
were connected in parallel, and the expected input noise reduces
to e; = V2epgr/V2 = 0.9 nV/VHz@1kHz. The current
input noise of the JFE2140 is of 1.6 fA/vHz@1 kHz and
results in an estimated amplifier current noise
2.3 fA/VHz@1 kHz, lower than 10 fA/vHz@1kHz. A
resistor R,=1 Q1 was used to neglect its contribution to the
amplifier noise and Rz=500 Q) to ensure a gain of 1001 times
(=60 dB). To achieve a signal bandwidth of almost 100 kHz,
according to (15) and considering g,,~30 mS, the capacitor Cr
must be lower than 32 pF, thus Cr = 20 pF was adopted. In
order to avoid the noise contribution of the resistor R, and the

L=

OA voltage noise e,, according to (19), Rp=500 Q
(erp=2.8 nV/vHz) and the OPA211 was selected

(ena=1.1 nV/VvHz@1 kHz). The circuit was powered at
+12 V and a drain bias voltage V=5 V was used to set a drain
current Ip=7 mA on each JFET.

IV. EXPERIMENTAL RESULTS

Figure 5 shows the circuit diagram of the implemented
amplifier. As predicted by (6), its output exhibits a CM bias
voltage of around —7 V, and a CM restoration circuit was
introduced to remove this potential, thus relaxing the
acquisition of the amplifier output. This circuit ensures a zero
CM output voltage and corresponds to an inverter version of the
scheme published in [25]. For this purpose, a fully differential
commercial OA such as the THS4130 can also be used.

Proposed Amplifier C-M Restoration Circuit

CMRR ADJUST (50 )
1kQ 1kQ

N S 2
5V

go
=]
>
2x JFE2140
Vig© X
Ru1Q
A

VL0

VW~
0008 9y

| 1kQ 1kQ

Fig. 5. Scheme of the ultra-low noise fully-differential amplifier used in the
experimental tests. A CM restoration circuit was added to ensures a zero CM
voltage at the differential output (voy, v,1)-

A. DC parameters

Imposing a short circuit at the amplifier input, it outputs a
differential voltage v,p=— 1.35 V. Then a resistor of R=1 MQ
was connected at one input resulting in v,p=— 1.13V, that
increases to v,p=1.32V for R=10 MQ. These measurements
suggest an input voltage offset vorrsgr=— 1.35 mV and an
input bias current ig;,s=2.7 pA. These values agree with that
expected from the JFE2140 datasheet [26].

B. Amplifier noise
The experimental setup for the measuring of the amplifier
spectral density noise is shown in Fig.6. For a nominal gain

G,=100, a differential ac-coupling network [27] and an
instrumentation amplifier were added to increase the amplifier
output before its connection to the spectrum analyzer (Agilent
35670A). For this test, the amplifier was powered by batteries
and enclosed in a shield box.

i

|

|

|

1 Vin

i Amplifier

| +%M Spectrum
| Analyzer
i Restorer i

|

i Gya=1 for G,=1000
ViL Gya=100 for G,=100

|

|

|

Shield box |

Fig. 6. Experimental setup for amplifier noise measurement.

The amplifier input-referred spectral noise density e; with
one JFET pair and two JFET pairs are shown in Fig.7. Note that
in the first case e;@1 kHz is greater than 1nV/vHz, but by

connecting two JFET in parallel reduces to 0.9nV /vHz as (22)
predicts. In both tests, each transistor was biased at I,=7 mA by
changing R, from 1 kQ to 500 Q.

3 Differential Amplifier Noise
107 T T T

—1 JFET@Ip=7 mA
—2 JFET@I,=7 mA each in parallel

Input Referred Noise, V/vVHz

Frequency, Hz

Fig. 7. Experimental voltage noise spectral density of the ultra-low noise
fully-differential amplifier with one JFET per side (in blue) and with two
JFETs per side in parallel (in red).

A second test was performed varying the nominal gain G,
from 60 dB (R,=1Q) to 40 dB (R,=10Q) and the
corresponding spectral densities are shown in Fig.8. It can be
observed that for G,=40 dB the noise increases but remains

below 1nV/vVHz@1 kHz. This behavior is compatible with
the 0.4nV /vHz noise contribution of R,=10 Q:v0.42+0.92 =
0.98nV/vHz@1 kHz.
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3 Two JFETSs in parallel Ip=7 mA each

G,=60 dB
G,=40 dB

Input Referred Noise, V/V Hz

Frequency, Hz

Fig. 8. Voltage noise spectral density of the ultra-low noise fully-differential
amplifier with two JFETSs per side in parallel for G,=40 dB (in blue) and
G,=60 dB (in red).

Finally, to evaluate the amplifier current noise i; and its input
capacitance Cj,, a resistor R was connected to one input keeping
a short circuit in the other one. Figure 9 shows the noise spectral
densities for R=1 MQ and R=10 MQ. For low frequencies, the
voltage noise densities agree with the theoretical thermal
resistor noise e3=4kTR and then decay because the low pass
filter R composes with Cj,. In dashed line is indicated the
expected spectral density for C;,=23 pF, whose good
agreement with the experimental data can be taken as an
estimation of the C;,, value. The spectrum estimation resolution
for R=10 MQ is around 10nV/vHz, and no significative
difference between the thermal noise of the resistor
(41pV/vHz) and the experimental data is observed. This
indicates that the input current noise i; is below 10 fA/v/Hz,
which is in accordance to the reported JFE2140 parameter
ipgr=1.6 fA/v/Hz, that considering N=2 (two JFET in parallel)
results in i;=v2 1.6 fA/v/Hz =2.25 fA/vHz.

10 T T T

Hz

R=1 MQ

10‘7 -

Resistor Noise, nV/

]0-8 L " L 1 ,
10° 10° 10*
Frequency, Hz

Fig. 9. Input referred voltage noise when a resistor R is connected at one
amplifier input. Experimental data in solid line and expected theoretical curve
for C;,,=23 pF.

C. Frequency response

The amplifier frequency responses for G,=60dB and
G,=40dB are shown in Fig. 10. The experimental
measurements, indicated in circles, were performed by an
Agilent DSO-X 2024A digital oscilloscope with its embedded
function generator. The frequency response given by (15) and
that obtained by simulation with TINA software of Texas
Instruments are also indicated. All the curves show a very good
match between them considering a JFET transconductance
Im=28 mS.

60 © ©
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540
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=
=
2
S 30 1
=
59
8
Z 20t E
=
=
10 1
0 1 | - L
10 10° 10* 10° 108
Frequency, Hz

Fig. 10. Frequency response of the proposed amplifier for G,=40 dB (in blue)
and G,=60 dB (in red). Experimental data in markers, simulation results in
solid line and theoretical curves in dashed line.

D. CMRR, PSSR and Sensitivity

The CMRR of the amplifier, built with 1% tolerance resistors
and without adjustment, was measured at 1 kHz resulting in 96
dB. Subsequently, a trimpot was added to fine-tune the balance
between the drain resistors improving the CMRR to 109 dB.
The PSSR- of the negative power supply rail Vy is so high,
exceeding 120 dB. However, this is not the case of PSSR+,
which corresponds to Vp, because it directly affects the JFETs
drain currents, resulting in a moderate PSRR+@100 Hz=84 dB.
This is not a serious drawback but demands a well-filtered Vp.

The amplifier nonlinearity (NL) for a differential output
voltage V,p, = 5 Vpp is below 50 ppm and its sensibility
+5 mVpp for G, = 60 dB.

E. Transient response

The amplifier transient response was tested for G,,=60 dB
and G,=40 dB by applying a 1 mVpp square wave, resulting in
the response shown in Fig.11. As can be observed, they verify
a first-order response as (14) predicts, with time constants given
by t = CrG,/gm for Cr = 20 pF and g,,, = 28 mS.
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Fig. 11. Amplifier’s responses for a 1 mVpp square wave. Traces in red
correspond to G,=60 dB and those in blue to G, =40 dB. Experimental data
are indicated in solid line and simulation results in dotted line.

F. Applications of the proposed amplifier

The proposed amplifier is intended to work as preamplifier
to reduce the noise floor for lock-in amplifiers and spectrum
analyzers across a wide range of source impedances Zg. This
work itself applies the amplifier to reduce the
20nV/VHz @1 kHz noise floor of the Agilent 35670A
Dynamic Signal Analyzer below 1nV/+/Hz @1 kHz to obtain
the results in Fig.8 that corresponds to a low Z (a short-circuit).
Additionally, it enables the measurements in Fig.9 involving
high Z; values (10 MQ) because its low current noise i,,. As an
application for a moderate Z value, it was used as amplifier for
a 5 Kg/390 Q load cell. Figure 12 shows its response when an
erase rubber of 12 gr. is left on the load cell.

1.4 T T T T T T

[9)
<
T
|

w
T
L

i)
G
T
|

to
T

W
T

14V =12gr

1.05 ]

Input referred voltage Vip, mV

-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
t, s

Fig. 12. Proposed amplifier working as front end of a 5 Kg/390 Q load cell.
The trace corresponds to its differential output (input-referred) when an eraser
rubber of 12 gr. is left on the load cell.

V. CONCLUSIONS

Hybrid amplifiers composed by a JFET input stage and OA
allows achieving fully differential amplifiers with voltage noise
spectral densities below 1nV /v/Hz and current noise densities
below 10 fA/+/Hz by using low-cost general-purpose devices.
These simultaneously low voltage and current noise levels
cannot be achieved with current integrated circuits.

Single-ended topologies lead to lower noise levels, but power
supply and bias voltage must be decoupled with very large
capacitors because they contribute to the overall amplifier
noise. When a fully differential topology is used, these sources
produce common mode signals and do not contribute to the
amplifier noise. In the first case, to reduce noise effectively,
several amplifiers must be connected in parallel, whereas in the
second one by just connecting N JFETs in parallel the overall

voltage noise is reduced by a VN factor.

A hybrid JFET fully differential amplifier based on the
current feedback scheme is proposed. It provides closed-loop
control of common-mode (CM) and differential mode voltages
(DM). The first ensures a fixed drain current independent of the
transistor parameters and a fixed drain voltage, thus reducing
the Miller effect. The DM loop sets a precise differential gain
as instrumentation applications demand. Because amplifier
biasing and amplifier signal processing correspond to different
and independent modes, large capacitances are not needed to
decouple AC signals, allowing the implementation of DC-
coupled amplifiers.

A complete stability analysis of the proposed circuit and its
design equations are presented. As an example, a fully-

differential amplifier with G,,=60 dB, ¢;=0.9 nV/vHz@1 kHz,

i;<10 fA/VHz@1 kHz and a bandwidth of 200 kHz was
designed, built and tested. The experimental data shows a very
good agreement against simulation and the analytic design
equations, thus validating them and allowing the amplifier
design to be adapted to different needs.
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