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SUMMARY

Equivalent input current noise and bandwidth are the most relevant parameters qualifying a low-noise
transimpedance amplifier. In the conventional topology consisting of an operational amplifier in a shunt-shunt
configuration, the equivalent input noise decreases as the feedback resistor (RF), which also sets the gain,
increases. Unfortunately, as RF increases above a few MΩ, as it is required for obtaining high sensitivity, the
bandwidth of the system is set by the parasitic capacitance of RF and reduces as RF increases. In this paper, we
propose a new topology that allows overcoming this limitation by employing a large-bandwidth voltage amplifier
together with a proper modified feedback network for compensating the effect of the parasitic capacitance of the
feedback resistance.We experimentally demonstrate, on a prototype circuit, that the proposed approach allows to
obtain a bandwidth in excess of 100 kHz and an equivalent input noise of about 4 fA/

ffiffiffiffiffiffi
Hz

p
, corresponding to the

current noise of the 1GΩ resistor that is part of the feedback network. The new approach allows obtaining larger
bandwidth with respect to those obtained in previously proposed configurations with comparable background
noise. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Measurement accuracy of low level currents is ultimately limited by the noise introduced by the
measurement chain. When dealing with high impedance sources (impedances in the order of tens of
MΩ or more), the first stage of the measurement chain is a transimpedance amplifier (TIA), possibly
followed by voltage amplifier stages for reaching the desired overall gain. In most cases, the TIA
sets the performances of the system in terms of gain, bandwidth and noise floor. When the power of
the signal to be measured is much larger than the integrated noise floor of the TIA front-end, the
main issue to be addressed in the design is the optimization of the gain-bandwidth trade-off. In
many interesting situations, however, the power of the source may be comparable to the TIA noise
floor. This is, for example, the case of the measurement of the current fluctuations in electronic
devices [1], or currents in single molecular systems and in impedance spectroscopy of molecular
biosensors [2, 3]. Current noise measurements have been also used as a powerful tool for gaining
detailed insights into the physical mechanisms regulating the charge transport in electron devices
[4–7] and for electrical characterization and reliability investigation [8–11]. In all these cases,
minimizing the TIA equivalent input noise while maintaining a sufficiently large bandwidth is the
most relevant issue to be addressed. This goal is not easily obtained, since, as it will be discussed in
the following, a reduction of the equivalent input noise is normally accompanied by a proportional
reduction in the useful bandwidth. Indeed, commercial TIAs [12, 13] are capable of reaching
equivalent input noise floor in the fA/

ffiffiffiffiffiffi
Hz

p
order but at the cost of a very limited bandwidth,
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typically in the order of hundreds of Hz. When we are interested in the signal spectral density rather
than in recording its behavior in the time domain, cross-correlation approaches involving two or
more amplifying stages in proper combinations can sometimes be employed in order to obtain very
low background noise at the cost of longer measurement times [14–16]. When it is possible to resort
to cross-correlation technique, the increase in the intrinsic noise level, resulting from a larger
bandwidth, is not, at least in principle, an issue, and therefore larger measurement bandwidths are
possible. Note, however, that the averaging time needed to obtain the reduction of the uncorrelated
noise down to a given level is proportional to the square of the magnitude of the uncorrelated noise
spectra. This means that, even in the cases in which cross correlation can be used, the capability of
designing large-bandwidth low-noise TIA is of great importance since it can considerably reduce the
measurement time when very low background noise and large bandwidth are required.

The conventional topology of a TIA is made of an operational amplifier (opamp) in a shunt-shunt
feedback configuration (Figure 1) where the feedback network consists of a large value resistor RF.
It is the feedback resistance RF together with its parallel parasitic capacitance CF, whose value is a
weak function of RF itself for a given resistor technology and circuit layout, that sets both the
background noise level and the bandwidth of the system, in such a way as to essentially obtain a
constant value for the product between bandwidth and in-bandwidth noise power spectral density.
Approaches have been proposed in the literature for compensating the effect of the bandwidth
reduction due to CF for large values of RF [17, 18]. These approaches essentially reduce to the idea
that a second amplifying stage with a proper frequency response can equalize the linear distortion
introduced by CF in the first conventional transimpedance stage. In this paper, we propose a new
approach for extending the bandwidth of a TIA that is based on a proper modification of the
feedback network for obtaining the equalization of the overall frequency response.

The paper is organized as follows: in Section II, we review the properties of conventional TIAs with
focus on modeling, bandwidth and overall equivalent input noise; in Section III, we discuss the new
Figure 1. a) Operational amplifier-based implementation of the conventional transimpedance amplifier; b)
small signal equivalent circuit; c) equivalent circuit for noise calculation.
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approach we propose for increasing the bandwidth of the amplifier without increasing its equivalent
input noise; in Section IV, we provide experimental evidence of the validity of the approach we
propose; in Section V, we report measured comparison between the proposed TIA and the one
reported in [17] and, finally, in Section VI, we draw our conclusions.
2. MODELING, BANDWIDTH AND NOISE ESTIMATION IN CONVENTIONAL
TRANSIMPEDANCE AMPLIFIERS

2.1. Modeling of the conventional TIA

A circuital implementation of an operational amplifier (OA)-based conventional TIA is shown in
Figure 1a. Under the simplified assumption of virtual short circuit at the inputs of the operational
amplifier, the two-terminal device under test (DUT) is biased through the voltage source VBIAS, and
the total current through the DUT (IDUT) flows entirely through the feedback resistance RF, resulting
in an output voltage VOUT =�RFIDUT with a transimpedance gain, with respect to current
fluctuations, equal to �RF. For a correct estimation of the system bandwidth, we must take into
careful account the parasitic components associated to both the OA and the feedback resistance RF.
In order to discuss the bandwidth of the system, we will refer to the circuit in Figure 1b,
representing the small signal equivalent of the circuit in Figure 1a, including all the relevant
parasitic components. The DUT is represented by its Norton equivalent, with IN,DUT being the small-
signal noise current generated by the DUT itself and ZDUT being the DUT impedance (we assume
that the DUT is linear or is linearized around the operating point in Figure 1a) modeled as the
parallel of a resistor RDUT and a capacitor CDUT. The OA is modeled by a differential input
impedance (Zd) made of the parallel of a differential input resistance (Rd) and of a differential input
capacitance (Cd), by the common mode input capacitances (C�

CM, C+
CM) and by the open-loop

voltage gain AV,OP modeled, in turn, as a first-order dominant pole response (DC voltage gain AV0

and dominant pole time constant τOP). The feedback resistor is modeled with its parasitic parallel
capacitance CF. The capacitances Cþ

STRAY and C�
STRAY account for layout induced stray capacitive

couplings. It is apparent that C+
CM and Cþ

STRAY play no role. In discussing the frequency response and
the noise contributions, we will follow the approach of writing down the transfer function AS(s)
from any independent signal or noise source S toward the output VOUT in the form:

AS sð Þ ¼ VOUT sð Þ
S sð Þ ¼ AVSC

S sð ÞHL sð Þ

HL sð Þ ¼ �T sð Þ
1� T sð Þ

(1)

where T(s) is the loop gain from the input VIN through the operational amplifier and back to the input
VIN with all independent sources set to 0 and AS

VSC is the gain calculated in the virtual short circuit
approximation, that is assuming |T(jω)|→∞ and, hence, HL(jω) = 1. Note that while AS

VSC depends
on the source with respect to which the gain AS is being calculated, the loop gain is the same for all
sources in the circuit.

2.2. Bandwidth Analysis of the conventional TIA

In the Laplace transform domain, the transimpedance gain in the VSC approximation can be readily
calculated as

AVSC
Z sð Þ ¼ �ZF sð Þ ¼ � RF

1þ sRFCF
¼ � RF

1þ sτF
; τF ¼ RFCF (2)

while we obtain, for the loop gain T(s):
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
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T sð Þ ¼ �AV ;OP sð Þ ZIN sð Þ
ZIN sð Þ þ ZF sð Þ

AV ;OP sð Þ ¼ AV0

1þ sτOP
ZIN sð Þ ¼ RIN

1þ sRINCIN

CIN ¼ CDUT þ C�
STRAY þ C�

CM þ Cd RIN ¼ RDUT==Rd

(3)

that can be rewritten in the form:

T sð Þ ¼ � T0

1þ sτOP
� 1þ sτF
1þ β0 1þ αCð ÞsτF

αC ¼ CIN

CF
; β0 ¼

RIN

RIN þ RF
; T0 ¼ β0AVO

(4)

The term HL(s) becomes

HL sð Þ ¼ T0

1þ T0
� 1þ sτF
as2 þ bsþ 1

≈
1þ sτF

as2 þ bsþ 1

T0 >> 1 ; a ¼ τOPτF 1þ αCð Þ
AV0

; b ¼ τOP
T0

þ 1þ αC
AV0

þ 1

� �
τF

(5)

and, for the transimpedance gain AZ:

AZ sð Þ ¼ � RF

as2 þ bsþ 1
(6)

The parameter αC is usually much larger than 1, corresponding to CIN>>CF. Usually, we also have
τOP>> τF. However, because of the very large value of AV0 (normally close to 106) and T0, the
following approximations can be made in Equation (5):

1þ αC
AV0

<< 1;
τOP
T0

<< τF (7)

resulting in b≈ τF. On the other hand, the coefficient a can be written as:

a ¼ τOPτF
AV0

1þ αCð Þ ¼ τF
2 πGBW

1þ αCð Þ (8)

where GBW is the gain band-width product of the operational amplifier. With these assumptions and
positions, the denominator of Equation (6) can be rewritten in the form:

s2

ω1ω2
þ s

ω1
þ 1 (9)

with:

ω1 ¼ 1
τF

; ω2 ¼ 2π
GBW

1þ αC
(10)

Note that the angular frequency ω1 depends on the characteristics of the feedback resistance only,
while the angular frequency ω2 depends on the characteristics of the operational amplifier and on
the DUT equivalent capacitance. The poles of the transfer function are:
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
DOI: 10.1002/cta



ULTRA-LOW-NOISE LARGE-BANDWIDTH TRANSIMPEDANCE AMPLIFIER 1459
sp1 ¼ �ω1

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4 ω1

ω2

q
2

0
@

1
A

�1

sp2 ¼ �ω2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4 ω1

ω2

q
2

0
@

1
A (11)

If 4ω1/ω2<<1, the bandwidth of the system coincides with fF=ω1/2π, that is the bandwidth is set
by the feedback resistance RF in combination with its parasitic resistance CF. This is a typical situation
in low-noise measurements for small DUT capacitances. As an example, by means of careful layout
design and device selection, the value of CF can be as low as 0.5 pF with RF= 1GΩ, corresponding
to fF≈ 300Hz; by resorting to a typical OA such as the TLC070, with a GBW of 10MHz and an
input capacitance in the order of 10 pF, the condition 4ω1/ω2<<1 is certainly satisfied for DUT
capacitances lower than 50 pF. However, as the DUT capacitance increases, ω2 becomes smaller
and smaller until complex conjugate poles are obtained when 4ω1/ω2> 1. It is interesting to notice
that, if we maintain the definition of the bandwidth as the maximum frequency at which the
response is within ±3 dB with respect to the gain at low frequencies, the bandwidth of the TIA is
larger than fF for ω1/ω2< 1.67 (Figure 2), reaching a maximum of about 1.3 fF for ω1/ω2 close to
1/2. It is clear, however, that it is the time constant of the feedback resistor that essentially sets the
maximum bandwidth that can be obtained in the conventional TIA configuration. If the DUT
capacitance increases up to values for which ω1/ω2>> 1, we obtain a reduction of the bandwidth
with respect to the one set by the feedback resistor, coupled with a large peak in the frequency
response that may result intolerable in many situations and that can easily lead to instability
because of the effect of other singularities (due to both the complete response of the operational
amplifier and to the parasitic elements due to the board layout) that have not been included in the
previous analysis.
2.3. Noise analysis of the conventional TIA

Figure 1c shows the equivalent circuit of the conventional TIA with all relevant noise sources
explicitly shown: EN,OP and IN,OP are the equivalent input voltage and current noise sources of the
OA, respectively; IN,DUT is the current noise source of the DUT, and IN,RF is current noise source of
the feedback resistance. In order to calculate the power spectrum we assume all noise sources to be
uncorrelated, and we will use the expedient of replacing each noise source with fictitious
deterministic sources to calculate the frequency response from each source to the output node VOUT.
We obtain:
Figure 2. Normalized frequency response of the conventional transimpedance amplifier (Figure 1) for
different values of the ratio between the pole frequencies of the loop gain.
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VN;OUT sð Þ ¼ IN;DUTA
VSC
Z sð Þ þ IN;OP þ IN;RF

� �
AVSC
Z sð Þ þ EN;OPHVSC

EN;OP
sð Þ

h in o
HL sð Þ

HVSC
EN;OP

sð Þ ¼ 1þ ZF sð Þ
ZN
IN sð Þ ¼

1þ βN0 1þ αNC
� �

τFs

βN0 1þ τFsð Þ
ZN
IN sð Þ ¼ RDUT

1þ sRDUTCN
IN

CN
IN ¼ CDUT þ C�

STRAY þ C�
CM

αNC ¼ CN
IN

CF
; βN0 ¼ RDUT

RDUT þ RF

(12)

Clearly, the term into square brackets is responsible for the background noise voltage at the TIA
output, that is the noise that would be present at the output with IN,DUT = 0. Using Equation (5),
Equation (12) can be rewritten as:

VN;OUT sð Þ ¼ � IN;DUT þ IN;OP þ IN;RF
� �

RF þ EN;OP
1þ βN0 1þ αNC

� �
τFs

βN0

� �	 

� 1
as2 þ bsþ 1

(13)

If we employ very low input noise current operational amplifiers with either MOSFET or JFET
input stages, the contribution of IN,OP can be neglected with respect to the other sources of
background noise. We can calculate the equivalent input noise spectral density SIN,EQ as:

SIN;EQ fð Þ ¼ SVN;OUT fð Þ
AZ fð Þj j2 ¼ SIN;DUT þ 4kT

RF
þ SEN;OP

RFβN0
� �2 1þ βN0 1þ αNC

� �� �2 f 2
f 2F

� �
(14)

where SIN,DUT, SVN,OUT and SEN,OP are the power spectral density associated to IN,DUT, VN,OUT and EN,

OP, respectively. If we limit our analysis to cases in which fF represents the bandwidth of the TIA, a few
important conclusions can be drawn. In the first place, we observe that increasing the value of RF

decreases the contribution of the thermal noise of the feedback resistor to the background noise.
However, as we have observed before, since for a given resistor technology the parasitic capacitance
CF is largely independent of RF, increasing RF also causes a proportional decrease in the bandwidth.
Moreover, at low frequencies, the contribution of EN,OP is usually negligible because of the large
values of RF that are normally used in high sensitivity noise measurement applications. However, if
αNC >> 1 , as it is commonly the case, the contribution of EN,OP may become the most important
contribution at frequencies well below the bandwidth limit of the system. Note that, when this
occurs, the background noise is largely independent of the value of RF and of CF.
3. NEW TOPOLOGY FOR THE REALIZATION OF LOW-NOISE HIGH BANDWIDTH
TRANSIMPEDANCE AMPLIFIER

So far we have discussed the limitations in terms of bandwidth and background noise in the
conventional approach for the realization of a TIA. These limitations can be all traced back to
the parasitic capacitance CF in parallel to the feedback resistance RF. Since the parasitic capacitance
cannot be eliminated, we devised a new circuit topology for reducing, and virtually eliminating,
the effect of the feedback resistance time constant on the frequency response of the amplifier. The
approach that has been followed is schematized in Figure 3a. Under the virtual short circuit
approximation (|HL(jω)|≈ 1), the transimpedance gain at the output VOUT is
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
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Figure 3. a) Block schematic of the proposed transimpedance amplifier; b) electrical schematic of the com-
pensation network needed to cancel out the pole introduced by CF.
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AVSC
Z sð Þ ¼ VOUT

Ism;DUT
¼ �RF

1þ sτFð ÞH sð Þ (15)

It is therefore apparent that, with H(s) = 1/(1 + sτF), the effect of the parasitic capacitance CF can be
completely compensated with a flat response in the entire bandwidth into which the virtual short circuit
approximation holds. Figure 3b shows the way in which the required H(s) can be implemented in a
quite straightforward way by means of a low pass RC circuit and a buffer with RCCC = τC = τF. The
introduction of a low pass block in the loop gain, however, has the effect of reducing the loop gain
close and above the corner frequency fF = 1/2πτF. Therefore, we can only obtain an increase in the
actual bandwidth of the system, with respect to the conventional approach, if we are capable of
maintaining a high value of the loop gain for frequencies much larger than fF. We will discuss this
aspect in detail in the next subsection.

3.1. Bandwidth analysis of the proposed TIA

Following the very same approach used in Section II, the expression of the actual transimpedance
gain is obtained by the product of the gain in the virtual short circuit approximation (Equation (15), in
this case AZ

VSC=�RF, independent of the frequency) by the function HL(s) that can be obtained
starting from the expression of the loop gain T(s) in the circuit in Figure 3a. We will assume the
condition τC= τF to be exactly verified and that the voltage follower has a bandwidth much
larger than any frequency we may be interested in. Besides, the voltage follower is not really
needed when we reflect on the fact that the values of RC and CC, as long as their product
remains equal to τC, can be selected in such a way that the loop gain of the system is not
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
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significantlymodified by the loading effect of the impedances ZF and ZIN which are normally very large.
In this situation, we obtain:

T sð Þ ¼ � T0

1þ sτOP
� 1
1þ β0 1þ αCð ÞsτF (16)

and, with the same approximation as before (AV0>> 1, Τ0>> 1) we have:

HL sð Þ≈ 1
as2 þ bsþ 1

a≈
τOPτF 1þ αCð Þ

AV0
; b ¼ τOP

T0
þ 1þ αC

AV0
τF

(17)

As it can be noted, the transimpedance gain in the new approach has the very same form as in the
conventional approach but with an important difference, consisting in the fact that while the term a
in Equation (5) and Equation (17) are the same, the term b in Equation (17) is much smaller than
the term b in Equation (5), since the dominant contribution τF is no longer present. We had
observed that in the situation in which the term b could be assumed to be equal to τF, the first pole
in the frequency response was indeed at or close to fF. With a much smaller value of b (with the
same value of a), we can therefore potentially obtain a larger bandwidth.

The problem with this approach, however, is that if the gain amplifier is the same operational
amplifier used in the conventional approach, the transimpedance gain is characterized by complex
conjugate poles with a large overshoot in the frequency response in almost any situation of interest.
To understand this fact, let us take into consideration the loop gain in Equation (16). It can be easily
shown that the term HL(s) can be expressed in terms of the angular frequencies ωOP and ωFC

corresponding to the poles of T(s), as follows:

HL sð Þ ¼ 1

s2

ω2
0

þ s

ω0Q
þ 1

ω0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AV0ωOPωFC

p
Q ¼ ω0

ωOP þ ωFC=β0

ωFC ¼ 2πf FC ¼ 1
1þ αCð ÞτF ; ωOP ¼ 2πf OP ¼ 1

τOP

(18)

In many situations, as we have already observed, fOP<< fFC/β0, resulting in:

Q≈β0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AV0f OP
f FC

s
¼ β0

ffiffiffiffiffiffiffiffiffiffiffi
GBW

f FC

s
(19)

This means that if the pole frequency fFC (which, from Equation (18), is a fraction of fF) is much
lower than the GBW of the employed operational amplifier, Q can be very large resulting in
complex conjugate poles with a large overshoot in the frequency response at ω0. Note that for
increasing DUT capacitances (that is for increasing αC) Q increases. Since fFC mainly depends on
the feedback resistance and on the DUT, the only way to obtain values of Q leading to moderate
overshoot or real poles is to act on the characteristics of the gain amplifier (the OA in Figure 3a). In
particular, suppose we substitute the OA in Figure 3a with a more general voltage amplifier with
DC gain AV0 and a single pole at fOP with fOP>> fFC/β0. In this case, we would obtain:
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
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Q≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AV0f FC
f OP

s
(20)

which means that by a proper choice of AV0 and of the pole frequency fOP we can obtain low values for
Q and, assuming Q<< 1, we can obtain an overall TIA bandwidth limit fBWL in the order of

f BWL≈
1
2π

ω0Q≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AV0f FCf OP

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AV0f FC
f OP

s
¼ AV0f FC ¼ AV0

1þ αC
f F (21)

Therefore, provided that all the conditions listed above are met, we can obtain a bandwidth
significantly larger than fF (that is larger than the one in the conventional design for the same
feedback resistance and DUT) if we are capable of designing the system with a voltage amplifier
characterized by:

f BWL >> f F⇒AV0 ¼ kA 1þ αCð Þ with kA >> 1

Q << 1⇒f OP ¼ k2FAV0f FC ¼ kFAV0
f F

1þ αC
with kF >> 1

(22)

From the previous conditions, it follows, for the minimum gain-bandwidth product of the voltage
amplifier in Figure 3a:

AV0f OP ¼ k2Ak
2
F 1þ αCð Þf F (23)

With fF in the order of 300Hz (RF = 1GΩ and CF = 0.5 pF as in the example before) and with αC in
the order of 20 (corresponding to CIN in the order of 10 pF) and even assuming kA = kF= 10 (kA and kF
should actually be much larger for insuring good accuracy in the conclusions drawn so far), we end up
with a GBW in the order of 60MHz, which cannot be obtained by resorting to any single low-noise,
low input current operational amplifier available on the market.

In order to meet the requirements in terms of gain and bandwidth together with very low
equivalent input noise sources, we can substitute the operational amplifier in Figure 3a with the
cascade of n> 1 voltage amplifiers, the first n� 1 being non-inverting amplifiers and the last one
being an inverting amplifier. Figure 4a shows the case n = 2, while Figure 4b shows all relevant
noise sources and layout parasitic capacitances which are due to the first stage in Figure 4a. The
response of each amplifier of the chain is characterized by a pole at the frequency fPAi =GBWOPi/
Ai (i = 1, 2) where GBWOPi and Ai are the gain-bandwidth product and the voltage gain of the
amplifier i, respectively.

Even with low values of the gain for each amplifier, a condition needed for obtaining a large
bandwidth for each one of them, the overall modulus of the gain can still be quite large as it equals

the product ∏
n

i¼1
Ai


. The problem with this approach, however, is that we introduce n� 1 more poles

in the loop gain, and the loop gain in Equation (16) becomes:

T sð Þ ¼ ∏
n

i¼1

Ai

1þ sτPAið Þ�
β0

1þ β0 1þ αCð ÞsτF

αC ¼ CDUT þ C�
STRAY þ Cþ

CM1

� �
=CF

(24)

with τPAi= 1/(2πfPAi), Cþ
CM1 is the common mode capacitance of the not inverting input of OP1

(not shown in Figure 4b), and the VSC has been assumed at the input of OP1 so that the input
impedance of the two-stage voltage amplifier is assumed infinite. With n + 1 poles in the loop gain,
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
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Figure 4. a) Electrical schematic of the high bandwidth inverting voltage amplifier (to be used in replace-
ment of the opamp in Figure 3a); b) equivalent circuit for noise calculation in the first stage of the circuit
in a; c) general noise model for a two-port voltage amplifier with the equivalent DUT impedance connected

at the input port.
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the amplifier can be prone to instability unless a proper phase margin is insured. If n = 2, a positive
phase margin is indeed obtained if the following conditions are satisfied:

f PA1; f PA2 > ∏
2

i¼1
Ai


 f F
1þ αCð Þ (25)

This condition corresponds to the requirement that the asymptotic amplitude bode diagram of the
loop gain reaches 0 dB at a frequency below fPAi. Note that the worst condition (largest required
value for fPAi) is obtained for αC= 0. A value of αC = 0 is, however, unrealistic since, even with no
contribution from the DUT, αC> 0 due to the intrinsic parasitic capacitance of OP1 (Cþ

CM1 in
Equation (24)). The condition in Equation (25) is still valid for n> 2 if the symbol> is substituted
with >>. In this latter case (>>), for every n, it can be easily proven that the RHS of Equation (25)
coincides with the bandwidth fBW of the system. That is:
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
DOI: 10.1002/cta



ULTRA-LOW-NOISE LARGE-BANDWIDTH TRANSIMPEDANCE AMPLIFIER 1465
if f PAi >> ∏
n

i¼1
Ai


 f F
1þ αCð Þ i∈ 1; n½ �→ f BW ¼ ∏

n

i¼1
Ai


 f F
1þ αCð Þ (26)

Equation (26) sets a limit to the maximum gain of each stage

f PAi≈
GBWOPi

Ai
>> f BW→Ai <<

GBWOPi

f BW
(27)

3.2. Noise analysis of the proposed TIA

If the conditions for insuring stability in the proposed circuit are verified, we can analyze the noise
performances of the proposed circuit within the bandwidth set by Equation (26) by assuming constant
gains for the amplifiers stages in Figure 4a. Due to the fact that neither of the two inputs of the first
stage operational amplifier is connected to ground, the noise analysis is somewhat more complicated as
before. In order to simplify the analysis, we will assume that, because of the relatively large gain of the
first stage, we can neglect the noise contribution of the second stage. We will therefore proceed by
deriving the equivalent input voltage and current noise sources of the two port in the inset in Figure 4b
according to the general model in Figure 4c. All parasitics outside the dashed line in Figure 4b can be
assumed as part of the generic input impedance Z in Figure 4c. In the assumption of VSC at the input
of the operational amplifier in Figure 4b, the transfer function from each noise source to the output VN,

OP1 can be obtained, as before, by assuming that each noise source is replaced by a deterministic
source. We will also make the assumption, which can be easily verified, that the resistance R1 be so
small (its value in the actual circuit is 100Ω) that to all purposes we can neglect the presence of the
capacitance Cþ

STRAY (in the order of a few pF) at all the frequencies we are interested in. We obtain:

VN;OP1 ¼ IþN;OP1Z 1þ R2

R1

� �
� ER1

R2

R1
þ ER2 � I�N;OP1R2 þ 1þ R2

R1

� �
EN;OP1 (28)

If we perform the same calculation with reference to the equivalent circuit in Figure 4c, we obtain:

VN;OP1 ¼ IN;EQZ þ EN;EQ

� �
1þ R2

R1

� �
(29)

For Equation (28) and (29) to be equivalent for all possible Z, and assuming R2/R1>> 1, we obtain:

IN;EQ ¼ IþN;OP1

EN;EQ ¼ �ER1 þ ER2
R1

R2
� I�N;OP1R1 þ EN;OP1

(30)

The following observation can be used in order to simplify calculations:

• if R1 is in the order of one hundred ohms and R2/R1 is much larger than 1, the effect of terms E1

and E2, representing the thermal noise of the resistance R1 and R2, respectively, can be neglected
with respect to the effect of EN,OP1. Indeed, in terms of power spectral density, the power spectral
density SEN,OP1 of EN,OP1 of common low-voltage noise operational amplifiers is in the order of
10�17 V2/Hz at 1 kHz, while for the power spectral densities SE1 and SE2 of E1 and E2 we have,
for R1 = 100Ω and R2/R1>> 1:

SE1 ¼ 4kTR1 ¼ 1:66�10�18 V2=Hz << SEN;OP1

SE2 ¼ 4kTR2⇒SE2
R1

R2

� �2

¼ SE1
R1

R2
<< SE1 << SEN;OP1

(31)
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• since we are using very low-noise input current operational amplifiers, with R1 in the order of one
hundred ohms, also the effect of the term I-N,OP1R1 can be neglected with respect to SEN,OP1.

Because of the observations above, therefore, we can safely assume EN,EQ≈EN,OP1 as in the case in
which a single operational amplifier was used instead of the system in Figure 4a.

Therefore, in conclusion, as far as the noise analysis of the proposed TIA is concerned, we can
assume that the cascade of the two amplifier in Figure 4a is characterized by equivalent input noise
and current sources essentially coincident with those at the input of the operational amplifier at the
first stage. It is clear that, in this situation, the general results discussed in section IIC still hold,
providing the following definition is given for the parameter αNC

αNC ¼ CDUT þ C�
STRAY þ Cþ

CM1

� �
=CF (32)

Indeed, if we assume, for the sake of this argument, the output of the system to be the output of the
H(jω) filter, we can regard the system as equivalent to the conventional TIA save that we are now
employing an amplifier stage characterized by a very large GBW product, the only difference being
in the fact that the equivalent input impedance of the cascaded amplifier chain reduces to the
capacitance C+

CM1 at the non inverting input of the first operational amplifier since, in the frequency
range in which the VSC approximation holds, because of the shunt-series connection, the effect of
the differential input impedance of the OA can be neglected. With this considerations in mind,
Equation (14) still represents the total equivalent input noise at the input of the modified TIA with
the important difference that it holds for frequencies that can be much larger than fF (up to about
fBW). Since the background noise contribution due to the equivalent input noise voltage of the
amplifier is proportional to f 2, it is apparent that, for large values of αNC and/or at high frequencies,
the signal-to-noise ratio decreases, and this effect, which is common to other approaches for
increasing the bandwidth in similar circumstances [17, 18], cannot be corrected by acting on the
loop gain of the amplifier. In these cases, and for a given feedback resistor type (with a given
time constant τF), the value of the equivalent input voltage noise power spectrum of the amplifier
and the value of αNC become the limiting factors.
4. EXPERIMENTAL VALIDATION

A prototype of a TIA that exploits the approach we have discussed in the previous section for the case
n = 2 has been designed, built and tested. The component list used in the circuit in Figure 5 is reported
in Table I. The high GBW inverting amplifier is obtained as in Figure 4a cascading a non inverting
stage and an inverting stage. The operational amplifier of the first stage is the device TLC070 which
exhibits a good trade-off between GBWOP1 (10MHz), Cþ

CM1 (11 pF) and the current noise (0.6 fA/ffiffiffiffiffiffi
Hz

p
at 1 kHz) to maximize the bandwidth and minimize the background noise. Differently from the

first stage op-amp, the operational amplifier of the second stage has no particular requirement in
terms of input capacitance and current noise, so that a larger bandwidth op-amp can be used to
maximize the system bandwidth. However, excessive voltage noise of the second stage can result to
significant contribution to the equivalent input voltage noise. For this reason, we have chosen the
low-voltage noise (3 nV/

ffiffiffiffiffiffi
Hz

p
at 1 kHz) large-bandwidth (GBWOP2= 64MHz) operational amplifier

OP37. The value of the resistance R1 (100Ω) and R2 (2.49 kΩ) is such that the equivalent input
voltage noise spectrum at the input of the entire amplifier reduces to the equivalent input voltage
noise source of the first operational amplifier in the chain. With nominal gains A1 and A2 for the first
and second stage of 25.9 and �500, respectively, we obtain an overall nominal gain equal to
�12 950 and two poles at fPA1 =GBWOP1/A1≈ 386 kHz and fPA2 =GBWOP2/A2≈ 128 kHz. The
feedback resistance RF is a thick film 1-GΩ resistor at 1% (see table). As will be shown later, the
extrapolated RF parasitic capacitance is about 0.27 pF, while the extrapolated layout capacitance
(C-

stray) is about 6 pF. However, the value of the parasitic capacitance of RF is subjected to layout
and temperature-induced fluctuations. In this situation, the theoretical bandwidth (Equation (26)) is
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Figure 5. Electrical schematic of the proposed TIA. Actual component values are listed in Table I.

Table I. Component values used in the experimental prototype of the proposed TIA (electrical schematic in
Figure 5).

Component name Component value Notes

R1, R3 100Ω Metal film 0.1%
R2 2.49 kΩ Metal film 0.1%
R4 50 kΩ Metal film 0.1%
OP1 TLC070
OP2 OP37
RF 1GΩ HVF2512T100

Ohmite 1%
RC 50 kΩ Trimmer
CC 200 nF
OP3 TLC070
R 100 kΩ Metal film 0.1%
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therefore about 121 kHz which is not small enough with respect to both fPA1 and fPA2 to insure stability
(Equation (27)). In order to address the stability/bandwidth trade-off, and to fix the total parallel
capacitance to a well-known value, we added an explicit capacitor C*

F = 3 pF in parallel to RF. In this
situation, the estimated theoretical bandwidth is equal to 103 kHz which results, from experiments,
sufficiently lower with respect to both fPA1 and fPA2 to have stability.

The problem in measuring the performances of a TIA with such a high transimpedance gain (1GΩ)
is that we require an ideal noise current source for a direct measurement of the bandwidth of the
system. An actual noise source that can satisfy there requirements can be obtained with the
configuration in Figure 6a as discussed in [19]. In ideal conditions (VSC approximation), the circuit
in the box in Figure 6a (high-impedance current noise source or HZCNS) sources a 0DC current
into the load and behaves as an ideal current fluctuation source toward the load. Indeed, in the VSC
approximation, the power spectral density SIS of the current noise sourced toward the load IN,S, is
independent of the load and can be written as:

SIS ¼ 4kT
R

þ SIN;OP3 þ SENOP3
R2 (33)

where SIN,OP3 and SEN,OP3 are the power spectral densities associated to the current noise IN,OP3 and to
the voltage noise EN,OP3, respectively (see Figure 6b). If the operational amplifier is a JFET or
MOSFET input operational amplifier, unless extremely high values of R are used, the term SIN,OP3
can be neglected at low frequencies and, if R>>Rmin = SEN,OP3/4kT, the current noise level is
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
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Figure 6. a) Electrical schematic of the high-impedance current noise source (HZCNS); b) equivalent circuit
for noise calculation in the circuit in a).
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essentially white and coincident with the thermal current noise of R. However, because SIN,OP3 rises as
f2, at sufficiently high frequencies it cannot be neglected, setting a maximum value to
R<<Rmax = 4kT/SIN,OP3. Therefore, by selecting a proper value of R, we can set the noise level
generated by the source. As far as the output impedance is concerned, it can be easily demonstrated
that at very low frequencies it can be estimated to be in the order of RAVO where AV0 is the DC
open loop voltage gain of the operational amplifier. With R in the order of a few kΩ, the low-
frequency equivalent impedance of the source can reach values in the orders of hundreds of GΩ, so
that, even at frequencies as low as a few Hz, the impedance of the source is actually dominated by
the parasitic capacitance C+

CM3 (Figure 6b) at the not inverting input of OP3.
Given these constraints we selected, for building the current source, the operational amplifier

TLC070 which is characterized by a voltage noise equal to 7 nV/
ffiffiffiffiffiffi
Hz

p
at 1 kHz and current noise

equal to 13 fA/
ffiffiffiffiffiffi
Hz

p
at 100 kHz leading to 3 kΩ=Rmin<<R<<Rmax = 100MΩ. Therefore, setting

R= 100 kΩ, we obtain that the sourced noise essentially coincides with the thermal noise of the
resistance (1.67 × 10�25 A2/Hz), that is four orders of magnitude larger than the expected TIA
background noise at low frequencies (4kT/RF = 1.67 × 10

�29 A2/Hz). In reporting the results of
the measurements that will be discussed in the followin,g we made the choice of reporting the
equivalent input noise current calculated by dividing the output voltage power spectrum by the
transimpedance gain at low frequency squared. Since the input power spectrum is flat (4kT/R at all
investigated frequencies), we can easily obtain information on the bandwidth of the TIA from the
curves obtained in this way while, at the same time, retaining the information on the noise level
used for testing the response of the system.

The complete experimental setup is shown in Figure 7. The current noise source is represented as an
ideal current generator with in parallel a capacitive impedance, which is due to C+

CM3 as discussed
above. A switch (S) allows connecting/disconnecting the source to the TIA input for bandwidth/
background noise measurement respectively. An additional input capacitor (CDUT) is connected at the
TIA input to demonstrate the relationship between bandwidth and input capacitance (Equation (26)).
The output of the TIA is recorder and elaborated by a PC-based spectrum analyzer [20] to compute
spectra.

The first experiment is devoted to extract the parasitic capacitance (CF) of 1GΩ resistor (RF) that is
used for the feedback network of the proposed TIA. In this experiment, the switch in Figure 7 is closed,
CDUT = 0, and the TIA is the conventional configuration in Figure 1a (VBIAS= 0) using the opamp
TLC070. In fact, in this case the bandwidth is set by the feedback resistance time constant. This can
be easily verified in Figure 8 (curve labeled ‘conventional TIA’), from which a cut-off frequency of
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
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Figure 7. Experimental setup used for the measurement of the bandwidth and of the equivalent input noise of
the proposed TIA.
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about 590Hz is obtained corresponding to the presence of a parasitic capacitance CF of about 0.27 pF
in parallel to the feedback resistance RF. In the second experiment, the switch S is closed, and the TIA
in Figure 7 is substituted with the proposed configuration. The knowledge of CF allows us to preset the
position of the trimmer RC in such a way as to obtain τC = τF. Note that only if τC= τF the frequency
response will be flat near fF. If τC< τF, then the gain for f> fF will be lower that the gain for f< fF
and the converse will be true if τC> τF. This observation can be useful in that it can be used to
verify by means of direct measurements that the condition τC = τF is exactly verified and, if not, to
make fine adjustments on RC until such a condition (a flat spectrum near fF is obtained when the
white current source is at the input if the system) is exactly obtained. The result of the estimate of
the input current noise (according to the approach described above) when exact frequency
compensation (τC= τF) is verified is reported in Figure 8 for different values of CDUT. When
CDUT = 0, the source capacitance reduces to C+

CM3 = 11 pF. In this situation, a bandwidth of about
66 kHz is obtained (curve labeled ‘proposed TIA’ and CDUT = 0 in Figure 8). The output power
spectrum in this situation can be used for the estimation of the overall capacitance connected to the
input of the TIA in this condition. From the fitting of this curve, we obtain an overall parasitic
capacitance of about 28 pF for a value of αC of about 104. Note that if we subtract the capacitance
of the current source (11 pF), we can conclude that the total parasitic capacitance (due to both stray
capacitance and the input common mode capacitance of the TLC070) is about 17 pF (11 pF can be
attributed to the input TLC070 Cþ

CM1 and 6 pF to C�
stray). The estimated TIA bandwidth is therefore

equal to about 103 kHz, a gain of more than two decades with respect to the conventional
TIA (590Hz) by using the same feedback resistance (same transimpedance gain and background
noise at low frequency).
Figure 8. Measured input referred current noise spectral density of the proposed and of the conventional TIA
by using the high impedance current noise source (HZCNS) as input, and for different values of a source
capacitance (CDUT) connected at the TIA input (black lines). The gray lines are obtained by fitting the fre-

quency response model to the measured curves.
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If we employ the extracted value for the input capacitance, we can calculate the expected frequency
response when adding a capacitance (CDUT) at the TIA input and compare the results with actual
measurements in order to experimentally verify the analysis carried out in the previous sections.
This is done in Figure 8 where the expected responses are reported together with the results of
measurements with CDUT set to 47 pF and 100 pF. A very good correspondence between expected
curves and actual measurements is obtained. In particular, it is verified that Equation (26) does
indeed provide a good estimate of the bandwidth as a function of the DUT capacitance.

The equivalent input current noise (background noise) of the TIA can be measured by simply
disconnecting the current source from its input and measuring the output noise (switch S open in
Figure 7). As before, we report the measurement results in the form of the output voltage noise
power spectrum divided by the transimpedance gain at low frequency squared. This means that the
background noise reported in Figure 9 is indeed the equivalent input noise only within the
bandwidth of the amplifier. The fact that at higher frequencies the curves reported in Figure 9
appear to become flat is simply the effect of the decrease in the transimpedance gain near and above
the bandwidth limit. As expected, at low frequencies, the background noise reduces to that due to
the feedback resistance, while at higher frequencies the noise due to the combined effect of the
equivalent input voltage noise of the amplifier and the overall capacitance (CDUT and parasitic
capacitances) at the input of the amplifier becomes dominant. In particular, it can be verified that
increasing the input capacitance by CDUT, the frequency at which the background noise rises with
respect to the noise at low frequencies increases, as expected proportionally to the overall input
capacitance. Because the background noise is comparable to the source noise at the bandwidth limit,
the noise spectra shown in Figure 8 are free of this contribution.
5. PERFORMANCE DISCUSSION

In the previous section, we experimentally demonstrated that the proposed approach allows obtaining
very large bandwidth and low noise at the same. In particular, at low frequency, the background noise
corresponds to the feedback resistor current noise equal to 4 fA/√Hz, while a bandwidth in excess of
100 kHz has been measured. In principle, by cascading a sufficient number (n) of stages, with sufficient
low gain to insure stability (Equation (27)), larger bandwidths can be obtained according to Equation (26).
With respect to the conventional configuration (Figure 1a) having the same transimpedance gain
and background noise at low frequency, we have found more than two orders of magnitudes in
bandwidth improvement.

Other configurations have been reported that allow low noise and large in bandwidth at the same
time. In [17], the pole introduced by the feedback resistor is compensated with an equal zero in a
cascaded stage. In order to make a fair comparison, in Figure 10a we report an implementation of
Figure 9. Measured input referred background current noise spectral density of the proposed TIA for differ-
ent values of source capacitance (CDUT) connected at the TIA input.
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Figure 10. a) Circuital configuration proposed in [17]; b) bandwidth and background noise comparison be-
tween [17] and this work.
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this approach using, in the first stage, the same op-amp and feedback impedance (same 1-GΩ resistor
and capacitance) as used in the realization of the proposed approach (Figure 5). In Figure 10b, the
bandwidth and background noise (measured as in the previous section) of the proposed approach
and those corresponding to the approach in [17] are compared. The bandwidth of in this last case is
ultimately limited by the pole introduced by R2 and its total parallel capacitance (parasitic plus
external C2). By applying the analysis of Section II, it is possible to demonstrate that, in order to
ensure a one pole response within one decade, the minimum capacitance in parallel to R2 should be
about 1.3 pF. Figure 10b shows that the frequency response with no external capacitor in parallel to
R2 (C2 = 0) has complex-conjugate poles, meaning that the parasitic capacitance of the resistor R2 is
not sufficient to ensure a pole dominant frequency response (<1.3 pF). To this purpose, we added an
external C2 = 1 pF capacitor in parallel to R2 that, together with its intrinsic parasitic capacitance,
satisfies the above condition and obtained the frequency response that is shown in Figure 10b. A
well-defined one pole response is indeed obtained, with an estimated 3-dB bandwidth equal to about
13 kHz. Such a bandwidth is significantly lower than the bandwidth in the prototype realized
according to the new proposed approach (about 100 kHz), while, at the same time, the low-
frequency noise is larger (exactly twice) due to the additional noise contribution coming from R2.
Note that the fact that at higher frequencies, for the amplifier realized according to [17], the
equivalent input noise appears to decrease with respect to the new approach is simply due to the
lower bandwidth limit (see discussion in Section IIIB).

Figure 11 reports the time response of the proposed TIA to a square wave input. The setup
measurement is reported in Figure 11a. The function generator Agilent-33220A sources a square
wave at the frequency of 10 kHz with voltage levels equal to 0V and 20mV. The series resistor
converts the input voltage to square wave current (Figure 11b left axis) with levels equal to 0A and
2 nA. The output voltage is then recorder by the digital storage oscilloscope Agilent-DSO7052A. On
the right axis in Figure 11b, it is reported that this value normalized by the transimpedance gain
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2015; 43:1455–1473
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Figure 11. a) Measurement setup for signal integrity measurement; b) source and output (input referred)
currents measured by means of the setup in a).
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(input referred or feedback current). As it is evident from Figure 11b, the signal integrity is quite good
at the output of the proposed TIA.
6. CONCLUSION

In this paper, starting from a detailed investigation of the limitations in terms of bandwidth and noise
affecting the conventional topology employed for the realization of a TIA, we propose a new approach
for extending the bandwidth that relies on the introduction of a proper network in the feedback loop for
compensating the effect of the parasitic capacitance in parallel to the high value feedback resistor used
to obtain large transimpedance gain and low noise. The conditions that need to be met for the method
we propose to be effective are derived in quite general terms and can provide a clear guideline in the
design of large-bandwidth TIAs in many situation of interest.

In order to prove the effectiveness of the proposed approach, we designed a prototype of a TIA
with a transimpedance gain of 1 GΩ, a noise, at low frequencies, of about 4 fA/√Hz and a
bandwidth in excess of 100 kHz. It is, however, possible, by improving the design of the
inverting large GBW amplifier required for the implementation of the approach we propose, to
obtain even larger bandwidths. With respect to the conventional approach, when the same type
of components is employed, we obtain the same gain and the same background but with a
much larger bandwidth (more than 100 kHz compared to just 590Hz). We compared the
measured performance of the proposed TIA with a previously proposed approach [17],
demonstrating that the new approach can result in significantly higher bandwidth and lower
low-frequency noise.
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