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Abstract—This paper proposes a comprehensive model of
capacitive feedback transimpedance amplifiers, based on an
analysis of the parasitics and non-idealities of the system. The
proposed model is in good agreement with circuit simulations
(less than 2% error on the gain and 18% on the bandwidth for
large set of parameters), and allows to compute the analytical
boundaries of the capacitive topology. Finally, a comparative
assessment between capacitive and resistive topologies in terms of
performance is proposed and highlights the salient performances
of capacitive feedback transimpedance amplifiers.

Index Terms—Transimpedance amplifier, Capacitive TIA, An-
alytical model, Pareto frontier, Topology boundaries, R-TIA, C-
TIA.

I. INTRODUCTION

Transimpedance amplifiers (TIA) are key building blocks
of various readout architectures, as they combine impedance
adaptation with relatively high gain. Depending on targeted
application, a high gain and bandwidth might both be required
while the noise and power consumption need to be minimized
[1], [2]. A vast number of TIA structures were introduced
[2]. Among literature, one of the simplest TIA is the resistive
feedback TIA (R-TIA) that has been thoroughly analyzed and
optimized in previous works. The trade-offs of R-TIA as well
as their limitations in term of gain-bandwidth are relatively
well-understood [3].

However, specific applications such as nanomechanical mass
sensing (i.e. for the detection of viruses, bacteria, proteins,
DNA fragments, etc. ) require particularly agressive design
goals which are out-of reach for R-TIA implementations
[4], [5]. Indeed, for this kind of application, TIA must both
combine high bandwidth (up to 300 MHz), high gain (above
IMS2 to amplify the nA-level currents), low noise and low
power consumption (< 1mW/TIA for massive readout of
Sensors arrays) .

In 2000, Razavi introduced the capacitive feedback TIA
(C-TTA) topology for optical fiber receivers applications [1].
Compared to R-TIA, C-TIA allows to relax the trade-off
between bandwidth and gain, while decreasing the TIA noise.
In [1], was presented a simplified model of such C-TIA
in order to evaluate its gain and bandwidth under stringent
assumptions on the components used, on the sensor, on the
biasing circuit, and on the TIA load. Further analysis have
been realized by Shadoost et al. in [6] and in [7] in order
to analytically optimize the noise of the C-TIA. Finally,
in 2020, Romanova et al. questioned the accuracy of the
Razavi’s model for modern technologies and applications, and
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Fig. 1. (a) C-TIA schematic and (b) its associated block diagram.

proposed a new model to predict the gain of the C-TIA [8].
Unfortunately, the key characteristics of C-TIA are currently
not totally known and literature equations are not accurate
cnough to define the limits of the topology and to compare
them realistically to the R-TIA.

This paper focuses on the development of an accurate
analytical model of the C-TIA key parameters (gain,
bandwidth). The details of this analytical model as well as
its verification against circuit simulations are described in
section II of this paper. Based on this model, we propose in
section III an analysis of the C-TIA performances, and the
exploration of its performances boundaries. Finally, in section
IV, we compare the C-TIA with the R-TIA architecture.
This comparison allows the verification and quantification
of the initial intuition that the C-TIA presents a better
gain/bandwidth trade-off than the R-TIA topology.

II. C-TIA ANALYTICAL MODELING

The schematic of a standard C-TIA is shown in Fig. 1.a.
The input current flowing from the sensor I;, is added to the
feedback current [ s, flowing through the parallel capacitor C.
These two currents flow through the input impedance of the



TABLE I
PARAMETERS OF THE C-TIA MODEL AND THE EQUATIONS NUMBER
Parameters Variables Typical Influences
values on eq. (x)
Input current Lin 1nA (1-12)
Input capacitance Cin 100fF — 1pF (1-12)
Input resistance Rin 100k$2 (1,2)
Feedback capacitance 1 C1 20fF — 1pF (2-12)
Feedback capacitance 2 C 20fF — 1pF (2-12)
Output resistance Ry 30kQ2 (10,12)
OpAmp static gain Ao 40dB (1-12)
OpAmp bandwidth wo 68x10%rad.s~1 4-12)
OpAmp miller cap. Coa 10fF (4-12)
OpAmp input cap. Cys (added to C;p) 4-12)
M- transcond. Im, 300uS (1-12)
M7 output admittance 9dsy 4uS (4-12)
M7 bulk transcond. Imby 49.6uS (1)
Mp;qsoutput resistance Rpias 10usS A3)
My, . parasitic cap. Chias (added to C17) (2-12)
Output capacitance Cout 1fF — 10pF (10,12)

system, composed of the input parasitic capacitance Cy;, and
the input parasitic resistance R;,, to generate the input voltage
Vin. This voltage is amplified by the operational amplifier
(OpAmp), and fed in a second stage made of a transistor M;
which generates the output current, I,,;. Part of I,,; is sent
back in the input node (as a feedback current Iy;), depending
on the capacitive ratio C;/(Cy + C2) and also generates the
output voltage when it flows in the output pole Cyyt//Rg. The
operation of the C-TIA is depicted schematically by the block
diagram in Fig. 1.b.
The various parameters, parasitics and non-idealitics that can
be taken into account are shown in Fig.1.a, and listed in Table
I. Taking into account all of these parasitics leads to a fifth
order transfer function (TF) that hardly favors an intuitive and
comprehensive design. Nevertheless, it is possible to simplify
the analysis by separating the influences of each parasitics (e.g.
Ryiqs is only taken into account in the derivation of the zero of
the TF, w1 in (3), and disregarded in all the other equations).
Table. I lists all parasitics and shows in which equation they
are taken into account.

Thanks to a DC analysis, we derive the static gain Gpc
whose expression is given by (1). Here, the bulk transconduc-
tance of M (gmp,) is the only non-negligible parasitic.
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The pole wy, 1 associated with the input parasitics (Cf,, and
R;,,) is represented by a green dot in Fig. 1.a. This constitutes
the first pole of the TF I,y:/I;,. It is possible to derive its
expression by writing [,/ I;y considering ideal components
(M, Mp;qs and the OpAmp) while only taking into account
the input parasitics. The expression of w1 is given by (2),
under the assumption that Ag > 1.

C1+Cy

Im,
The biasing zero w, ; associated with the biasing transistor
My;qs parasitics (Cpiqes and Ryp;qs) is represented by a blue

Gpc

Wp,1 = | + Rin(AoCs + Cip)] )

dot in Fig. 1.a. The expression of this zero can be found by
writing Io:/I;;, while only taking into account the biasing
parasitics (Ryp;qs), and is given by (3).

C2Rbias
Ao

The OpAmp and its non-ideal TF, given by A(s) =
(Aowo)/(s+wo), are responsible for the double-pole wy, o rep-
resented by the red dot on Fig. 1.a. The analytical expression
of wp2 can be found from the TF I,y /l;, with no biasing
parasitics and no R;,. This TF is given by (4).

Wz,1 = [Rbias(cl + 02) + ]_1 3)

H.., — Tout - Go Wiz
P2 = T T 2 2 “)
L, s+ 2muwps s+wy,

Where Gy and m represent the static gain of the TF and its
damping factor, respectively. The expressions of Gy, m and
wp,2 are given by (5), (6) and (7).

Im,wo(Cin + AoC2 + Chy,)
Wp,2 = ®)
" \/ Ct v
_ (CF 4 Cn(Cr 4 Ca))y + 2 (Cip + Ca) ’
e 2Gm, (Cin + AoCa + Cpy) ©)
A
Go (C1+ Ca)Ag + Cy o

" Cin + (Co+ Con)Ag + Cs

With C,, = Ag Copa the equivalent Miller capacitance,
C% = CipnC1 + C3Cp + C1Cy and v = 1 + Rdgdsl.
The transfer function I,y:/I;, of the C-TIA is obtained by
combining the poles and zeros that have been previously
derived in (1)-(7).
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As shown in Fig.2, we consider that the frequency band
of interest of our TIA goes from the first zero to the second
pole of the system. The 3-dB bandwidth of Hyyoder, Awp 2,
is calculated from the gain in this frequency band of interest
and not from the DC gain. This 3-dB bandwidth depends on
the second pole of the C-TIA, thus it can be deduced from (5)
and (6), and is expressed by (9).

Awp o = wpo \/—(Qm2 - +v/2m2=-1)2+1 9

A good approximation of the complete C-TIA TF can be
obtained by considering that the output pole is independent
from the TF given by (8). In this case, the complete C-TTIA
TF Heo_714 is given by (10).

V(mt Rd
Heo_ = =H, _
C-TIA Iz model s+ RdCout

From (10), the bandwidth of the C-TIA (in the frequency
band of interest) depends on the dominant pole (either wy 2 or
(R4Cout)™1) and can thus be expressed by (11). The C-TIA

(10)



140
---- Model from [1]
1354 —— - Simulation results
— = Simplified proposed model (4)
Bod— Proposed model (10)
Gpe (1 .
2 (2)
£ 1251
C
a Frequency band of interest
T 1204
'z
Q
1154
L e e ey - = R L T
. wp2 (5)
105 3 T4 "5 P "7 s 9
10 10 10 10° 10 10 10

Frequency (Hz)
Fig. 2. Bode plots Vout/Viy with the model from [1] (black), from circuit

simulations (red), with the proposed model (blue) and with the simplified
model given by (4) multiplied by Ry (C1 = 1pF, Co = 100fF).

gain in the frequency band of interest (Yw € [w; 1,wp 2]) can
be approximated by (12).

Grra = RaGo

Awpw = min(Awp o, (RdCout)_l)

QY
(12)

III. C-TIA ANALYSIS AND TOPOLOGY BOUNDARIES

In this section, we compare our model predictions with

circuit simulations. We will first assume that the output pole
of the C-TIA does not limit the frequency bandwidth (i.e.
(RaCout) ™! > Awy0), in order to focus our analysis on the
intrinsic boundaries of the C-TIA topology. Unless otherwise
specified, the set of parameters used in this section is given
by Table L.
Figure 2 depicts the bode plots of the proposed model (10)
(blue solid line), the proposed simplified model (4) multiplied
by R, (green dashed line), the Razavi model [1] (black dotted
line) and the bode plot obtained from circuit simulations (red
dashed line). The zero w,; (3), and the two dominant poles
wp,1 (2) and wp 2 (5) are indicated on the red line by a blue, a
green and a red dot, respectively. We can notice that the pro-
posed model (10) is in good agreement with circuit simulations
in the whole range of frequencies while the simplified model
(4) is only correct for high frequencies (w > w,, ). Hence
the proposed simplified model allows to accurately predict
the bandwidth and gain in the frequency range of interest.
The differences between the circuit simulations and [1] can
be explained by the fact that [1] considers an ideal OpAmp
TE

Figure 3 presents the bandwidth and gain that can be
obtained with our C-TIA simplified model, in the (C7,C5)
plane, as well as the relative error of our model. The capacitors
C1 and C; being integrated, their values are chosen between
20fF and 1pF. Figure 3 shows that our simplified model is
in good agreement with the circuit simulations, with a relative
error on the bandwidth up to 18% and a relative error on

Relative error

. Model Bandwidth (12)

18

600 g’ 15
~ 500 g - 2o
£ wn E & o 3
S0 300 & Q =
© 10 200 B ° 62
100 \':‘:, 3
0 0
10° 10°
C1 (fF)
s Model Gain (11) 5 Relative error
125 10 125
120
15 & L.
= 1Mz = 075 2
= 105 & = S
g 100 O g 107 0.5 ;\c
/ gg S 0.25
A 85 S ——————— 0
10° 10° 10° 10°

Cl (fF) C1(fF)

Fig. 3. C-TIA bandwidth and gain obtained with our model (11) and (12)
and their relative error in the (Cq, C2) plane.

the gain up to 1.25% compared to simulation results. We can
observe that both errors grow with smaller C and that the
bandwidth error grows with larger capacitances C7 and Cy
while the gain error grows with larger Cy. Indeed, when Cs
gets smaller, some parasitics capacitances that have not been
taken into account in our model become non-negligible. On
the other hand the parasitic capacitances of M;, Cyq, and
Cys, , are responsible for the appearance of a complex pole at
the output of the OpAmp. This pole depends on the values of
C; and Cs and its influence becomes significant when C; and
Cy get large. Nevertheless, Figure 3 shows that the C-TIA
exhibits promising performances in term of bandwidth and
gain. E.g., with a gain of 100d B.Ohm, it is possible to reach a
bandwidth larger than 400M H z. Note that these results have
been obtained under a total current consumption of 140uA
(fixing the values of Ay, wo and gm, ).

Figure 4 shows the reachable gain/bandwidth for every value
of C; and Cs (with C; € [20fF, 1pF)) for a fixed power con-
sumption. The color of the surface indicates the ratio Cy/Cs
(with purplish tones corresponding to low ratio values, and
yellowish tones corresponding to high ratio values). We can
verify that a higher Cy/C5 ratio leads to a larger bandwidth
while a lower Cy /C, ratio leads to a larger gain. The optimal
Pareto frontier of the C-TIA is shown by the black dashed line
in Fig.4, and defines the performance boundaries of the C-TTIA
for a particular power consumption. If the power consumption
of the C-TIA is increased, the Pareto frontier will rise almost
vertically (due to the increase of Ay, wo and g¢,,,). In the
other hand, an increase of the output resistor R, leads to
an horizontal shift of the Parcto frontier, leading to higher
transimpedance gains.

Finally, Fig. 4 shows two Bode plots corresponding to high
(red) and low (blue) C'; /C5 ratios. These Bode plots show that
a resonance peak is associated with low C7/C5 ratios but not
with high C/C5 ratios. This suggests that a too low C7/C>
ratio might lead to stability issues. This observation can be
confirmed analytically by the analysis of the damping factor
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Fig. 4. C-TIA reachable bandwidth and gain.

in equation (6) with various values of Cy/Cs.

As mentioned previously, we assumed in Fig.2, 3 and 4 that
the output pole of the C-TIA does not limit the frequency
bandwidth ((RqCout)™! > Awp o). However, if the output
capacitor gets too large (important C,,;) or if the C-TIA
gain has to be large (important Ry), the output pole might
become the dominant pole of the system, limiting the C-TTA
bandwidth. Thus, as shown in Fig.5.a (red dashed line), the
output pole acts as a bandwidth limit depending on the value
of Ry and C,y;.

IV. COMPARISON C-TIA VERSUS R-TIA

Equation (13) allows us to compute the reachable perfor-
mances that can be obtained with a R-TIA and to compare
them with our C-TTA model [3].

Vout o —Rp (13)
I..  Rr(Coa+Cin) .2 1+woRr(Cin+AoCoa) h
i T s4 4+ oA s+1

With Rp the R-TIA feedback resistance. The output capac-
itor C,,; does not appear explicitly in (13), but has a direct
influence on the OpAmp bandwidth wg [3].

Figure 5.a shows the aforementioned Pareto frontier of the
C-TIA (black dashed line) compared to the Pareto frontier
of the R-TIA (orange solid line). We can observe that the
Pareto frontier of the C-TIA is always greater than the Pareto
frontier of the R-TIA, in the case where the output pole’s
influence remains negligible. Figure 5.b shows the bandwidths
of both topologies against an increasing C,,; for a gain of
120d B.Ohm. We can observe that the performances of C-
TIA are always greater than those of the R-TIA (four to five
times greater for low C,,; values). However, the increase of
performance brought by the C-TIA topology becomes smaller
as the output capacitance Cl, is increased. In order to fully
exploit the C-TIA topology and its improved performances,
it is thus necessary to minimize Cy,; (e.g. by connecting its
output to a buffer).
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Fig. 5. (a) C-TIA (blue) and R-TIA (orange) reachable bandwidth and gain
and (b) R-TIA and C-TIA bandwidth as a function of Cy,,; with a fixed gain
of 120dB.Ohm, C; = 1pF, C2 = 15fF, Ry = 27k), Rp = 1MQ.

V. CONCLUSION

In this paper, we propose a model for capacitive feedback
transimpedance amplifiers, thanks to a thorough analysis of
the various system parasitics and non-idealities. Our model
allows to accurately predict the bandwidth and gain of the
C-TIA with various set of parameters, and to compute its per-
formance boundaries. These boundaries allowed us to quantify
the gain and bandwidth improvement brought by the C-TIA
topology, compared to the more traditional R-TIA topology.
Further works will explore how the C-TIA boundaries could
be improved, depending on the OpAmp topology for instance.
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