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ABSTRACT

In this paper, a comparative investigations of four transimpedance amplifier (TIA)
topologies is performed. Each of the four topologies is precisely designed to fit a diverse
range of applications. The discussed topologies of the TIA are the regulated cascode
(RGC), the common source (CS) with resistive feedback, the CMOS inverter with
resistive feedback, and the composite cascode with resistive feedback. Each topology was
studied in both gate-driven (GD) and body-driven (BD) configurations with a thorough
evaluation of its performance characteristics provided. Among these topologies, the
composite cascode topology is proposed for use for the first time with TIAs in both the
gate-driven and the body-driven configurations. The type of applications that are suitable
ClrEellive Ccl’mm_ons Attgg“ti"” for specific performance metrics are mentioned. The simulation is performed utilizing
L'}t;)’.mat'ona License (CC BY  130.nm CMOS technology predictive technology model (PTM) with a power-supply
voltage, Vpp, of 1.2 V for GD configurations and 0.9 V for BD configurations. Finally, the
impact of technology scaling on the performance of the GD and BD configurations are

investigated.
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Two prominent domains where the TIAs play a

1. INTRODUCTION

A transimpedance amplifier (TIA) is a crucial
electronic component widely used in various applications
such as optical communications, photodetection, and
sensors. The TIA converts the input current signal into a
corresponding output voltage signal. The well-designed
TIA must have a low input impedance, Z;,, in order to
draw most of the source current as well as a low output
impedance, Z,y, in order to provide a relatively large
output voltage signal, thus providing a large overall
transimpedance gain. The well-designed TIA must also
have a high bandwidth, small area, low power
consumption, good linearity, and low input-referred
noise current.

pivotal role are optical communications and biomedical
sensing. In optical communications, the TIA converts the
weak output current of the photodiode into a large output
voltage. This process is critical for long-haul data
transmission where optical signals attenuate over large
distances. In optical communications, ultra-high
bandwidth, low distortion, and high dynamic range are
essential features for optical signals [1]. On the other
hand, biomedical sensing relies on sensitive detectors to
convert the biological signals that are extracted from the
human body into suitable electrical signals. In this type
of applications, the power consumption and the input-
referred noise current are the most important
performance metrics since the biological signals are
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extremely weak; typically in the range of 1 pA to 100
mV [1], [2].

In this paper, two main configurations for the MOS
transistor are adopted for designing TIAs with their
performance compared in various topologies; they are
the gate-driven (GD) and the body-driven (BD)
configurations [1]. In the BD devices, the body terminal
is used as the input terminal so that the body-source
voltage, vgs, acts as the input-signal voltage. This is in
contrast to the conventional GD devices in which the
gate terminal is used as the input terminal so that the
gate-to-source voltage, Vvgs, acts as the input-signal
voltage. The GD devices are suitable for high-speed
applications while the BD devices are suitable for low-
power applications. The GD devices have higher
transconductance, g., than that of the BD devices, gmy
[3]. The choice between these two configurations
depends on the specific requirements of the application,
including the power consumption, speed, noise
considerations as well as the adopted technology. It must
be noted that the BD MOSFETSs cannot be integrated
with conventional CMOS configurations where the
presence of both N and P channel MOSFETS is essential.
This is due to the fact that the presence of p/n wells
dictates using only NMOS/PMOS transistors. BD
MOSFETS also require separate wells during the
fabrication process in order to have isolated bulk
terminals [3]. These drawbacks require more cost and
larger area for fabrication in addition to the difficult
matching between differential wells compared to the
conventional GD devices.

The remainder of this paper is organized as follows:
In section 2, a quick review related to the
transimpedance-amplifier design is given including the
GD and BD configurations and their employment in
particular applications. Section 3 describes the
differences of the GD and BD configurations. Section 4
describes the four transimpedance-amplifier topologies.
In section 5, a simulation-based comparison between the
various GD and BD configurations is presented and
discussed with the strong and weak points of each
topology emphasized. The impact of technology scaling
on the performance of the GD and BD configurations is
investigated in Section 6. Finally, Section 7 concludes
the paper and directions for future work are presented in
Section 8.

2. RELATED WORK

In this section, a brief review on the related work of
TIA design is presented. In [4], an innovative topology
featuring the implementation of the GD MOSFET was
introduced. This topology was designed for operation at
intermediate frequencies in optical communication
applications. This topology was a single-ended input and
differential-output TIA with shunt-shunt feedback. It
consists of two cascaded stages, with each stage
functioning as a differential amplifier with a resistive

load. This TIA was designed to function as a variable
gain amplifier achieving a tunable gain range spanning
from 51 to 73 dBQ with a 3-dB bandwidth of 550 MHz.
To address the potential issue of unbalanced output
signals arising from common-mode signals, a common-
mode feedback circuit (CMFB) was employed.
Furthermore, to ensure the stability of the topology,
compensating capacitances were included.

In [5], two strategies were proposed that aimed to
improve the bandwidth of an inverter-based cascode
TIA: negative-capacitance compensation (NIC) and
inductive peaking. The NIC enhanced the bandwidth by
mitigating the overall capacitance. However, it is
necessary to carefully design the loop gain of the circuit
to avoid any oscillations. Concerning the inductive-
peaking approach, the careful selection of inductance
becomes crucial to prevent unintended magnitude
peaking, thus ensuring that the system operates within
the desired performance specification limits. The design
was well-suited for applications requiring a data rate up
to 20 Gb/s.

The study of [6] discussed a novel regulated cascode-
based TIA designed for optical applications operating at
speeds up to 5 Gh/s. This TIA achieved a high gain of 60
dBQ by adding extra cascode transistor to the topology,
and its bandwidth was extended through the use of an
active inductor, thus avoiding limitations associated with
passive inductors. This circuit consumed 760 pW, thus
emphasizing a balance between performance and energy
efficiency. The TIA was followed by three stages of
differential limiting amplifiers to further boost the gain
and ensure a large voltage swing which is required in an
optical receiver.

The proposed design in [7] relied on a modified
cross-coupled (CC) RGC. This design introduced two
local feedback mechanisms for transconductance
boosting, effectively mitigating the power consumption.
The design achieved a low input impedance, thus leading
to a wide bandwidth without introducing peaking in the
magnitude response. Furthermore, this topology
maintains the same gain as the conventional CC RGC,
thus exhibiting an efficient and improved solution for
achieving broader bandwidth without sacrificing gain in
the amplifier design.

The TIA proposed in [8] has a boosted
transconductance. This design achieved a remarkably
low input resistance by incorporating a negative-
feedback stage to enhance the bandwidth. This TIA was
designed by a modified long-tailed pair differential
amplifier offering high gain. Additionally, this TIA
included a compensating capacitor to ensure stability and
consumes ultra-low power making it a suitable TIA for
biomedical applications.

The TIA suggested in [8] combined the topologies of
both the current-mirror and the folded-cascade based
designs. The resulting TIA adopts a diode-connected
transistor to achieve a low input resistance. The diode-
connected transistor plays a key role in isolating the
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dominant input capacitance, thereby enhancing the
overall performance of the amplifier. As this circuit
consumes only very low power (only 315 uW), this TIA
is expected to be suitable for biomedical applications.

The research of [9] includes a comparison between
various TIA topologies that are suitable for biomedical
applications, specifically common-source based TIA,
inverter-based cascode TIA, regulated inverter-based
cascode TIA, common-gate TIA, and regulated-cascode
TIA. This study highlighted the fact that in closed-loop
topologies, higher open-loop gain is associated with
improved performance. Additionally, this research
suggested that employing transconductance-boosting
techniques, as seen in inverter-based cascode and
regulated cascode stages, significantly enhances the gain-
bandwidth product (GBW) and reduces the input-
referred noise current. Notably, the inverter-based
cascode TIA and the regulated inverter-based cascode
TIA exhibit superior performance in terms of the GBW,
low input-referred noise current, and low power
consumption, making them highly recommended for
applications where sensitivity is a primary concern.

The search of [10] introduced a novel optical receiver
architecture consisting of a TIA and four stages of
differential-limiting amplifiers. The TIA depends on the
current-mirror topology with shunt-shunt feedback and
incorporates an active inductor at the output node. The
active inductor was designed to resonate with the load
capacitance, thus introducing a zero that effectively
cancels the impact of the output pole. This TIA was
followed by the four limiting amplifier stages, each
employed two active inductors as a load for extending
the bandwidth. These limiting amplifiers enhance the
overall gain of the receiver, at the cost of an increased
thermal noise. The whole receiver achieves a 3-dB
bandwidth of 6.55GHz with a gain of 71.4 dBQ and
consumes only 7.7 mW.

The study of [11] introduced a variable gain
inductorless TIA. The TIA is composed of an input stage
with a single-ended input and a differential output
utilizing a modified cross-coupled RGC followed by a
modified fr-doubler as a second stage employing a
unique combination of active inductor and capacitive
degeneration for bandwidth enhancement. The second
stage also utilized a CMFB circuit. This TIA exhibited a
gain range of 37.5-58.7 dBQ and a bandwidth of 4.15
GHz, thus demonstrating its suitability for high-speed
visible light communication applications; specifically
those that require variable gain.

The BD MOSFETSs were used in [12], [13], [14] to
highlight the significance of achieving low-voltage low-
power operation in the environment of an implanted
biosensor system. A differential-amplifier based multiple
input BD MOSFET was presented in [15] employed the
180-nm CMOS technology with a Vpp of 0.5 V. Both the
circuit complexity and the power dissipation were
reduced using this configuration. The open-loop gain of
62 dB was obtained with a 65.4-kHz bandwidth. This

configuration is well suitable for low-power low-
frequency applications. A BD-based OTA was
implemented in [16] adopting a Vpp of 0.5 V. This
circuit consumed only 31.3 nW, making it the best
choice for biomedical applications.

The research in [17] involved a comparison between
the GD and the BD MOSFETSs with a particular focus on
the current-mirror topology. It highlighted the
importance of low-power low-voltage circuits in
guaranteeing  device reliability and  mitigating
overheating.

3. MOSFET MODELS

In this section, the small-signal equivalent circuit of
the GD and BD configurations are presented. These
circuits will be wused in deriving compact-form
expressions for the performance metrics of the TIAs
based on these two configurations.

1.1 The Gate-Driven MOSFET

As well known, the GD MOSFET is a voltage-
controlled device. The voltage applied on the gate
terminal controls the current flowing between the drain
and source terminals. The threshold voltage, Vi, places
a substantial restriction on the signal swing in this type
of configurations, thus limiting the use of low supply
voltages. Figure 1 illustrates the small-signal equivalent
circuit of the GD MOSFET [18]. The transconductance,
Om, 0f @ MOSFET is a measure of its ability to convert an
input-voltage signal into an output-current signal. Its
value is usually relatively large.

G D B
+ ) -
Vgs Gm Vgs g T, Gmb Vbs Vds Vbs

S
Figure 1: The small-signal equivalent circuit of the GD
MOSFET in the saturation region. ry is the inverse of g,
where g, is the drain-to-source conductance [18].

1.2 The Body-Driven MOSFET

In the BD MOSFET, a bias voltage is applied
between the gate and source terminals to ensure a
continuous and suitable drain current and saturation-
region operation while the input signal is applied to the
body terminal. In fact, the operation of the MOSFET
transistor in this configuration is very similar to that of
the junction field-effect transistor (JFET) [3]. A channel
exists between the source and the drain of the MOSFET
transistor due to the applied gate voltage, with its width
remaining constant unless the gate bias varies. The body
terminal serves as a second gate (also known as the back
gate [3]). It can also operate with bias voltages of
negative, zero, or slightly positive values. The operation
in the positive direction is limited to slight values in
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order to avoid the latch-up which can occur at a forward
biasing voltage of typically 0.5 V.

Due to the capability of operation with bipolar
voltages, the Vy, constraint is entirely eliminated in the
BD devices, thus allowing these devices to function with
power-supply voltages lower than 1 V without affecting
the signal swing significantly [17]. Due to the fact that
the value of the transconductance of the body-driven
MOSFET, gmp, is lower than gy, the price paid is the
potential reduction in gain and bandwidth for the BD
devices assuming identical values for the other
parameters [3]. The small-signal gain of a BD-based
amplifier can outperform that of the GD-based one only
when Vgz > 0.5 V as the g, becomes larger than g, in
this range [3]. Figure 2 shows the small-signal equivalent
circuit of the BD MOSFET [18].

G D B
L | J
+ S + +
Vgs Gmb Vbs LS Vdas  Vbs
S

Figure 2: The small-signal equivalent circuit of the BD
MOSFET in the saturation region [18].

As well known, the body effect results from the
dependence of the threshold voltage, Vi, 0on the source-
to-body voltage, Vsg, as follows [18]

Vibn = Vinno TV [\/Z(pf + Vsp — \[2<Pf] 1)

where Vo is the threshold voltage for Vsg = 0, ¢f is a
physical parameter related to the energy-band diagram,
and y is the body-effect coefficient. It is given by

L _ V2 @
COX

In the latter equation, q is the magnitude of the
electron charge, N, is the doping concentration of the p-
type substrate, & is the permittivity of silicon, and C, is
the gate-oxide capacitance per unit area. For the case of
p-channel devices, Na must be replaced with Np which is
the doping concentration of the n-type well in which the
PMOS transistor is fabricated.

4. TRANSIMPEDANCE-AMPLIFIER
TOPOLOGIES

In this section, the various topologies of the TIA are
presented including the RGC, the CS, the CMOS
inverter, and the composite-cascode topologies. Each
topology adopted negative feedback in order to gain
various merits such as stabilizing the output signal
against any parameter or process variations, expanding
the 3-dB bandwidth, and decreasing the input and the
output impedances which are good features for the TIA.

4.1 The Regulated-Cascode Topology, RGC

As illustrated in Figure 3, the RGC topology consists
of the main amplifier, My, with resistive load, Rp,;, and a
feedback network consists of M, and Rp, M; and M,
operate in the saturation region. The gains of the GD and
BD RGC TIAs are given by

TIA Gain RGC, GD —

1
9m1t Imb1ty ~+ 9m1 Im2Rp2 (3)

RDl

T T
Rg T 9m1t gmb1t 3 =+ gm1 gmaRp2

gm1Rp1(1 + gm2Rp2)

TIA Gain RGC.BD —
' é + 9m1 + 9m19mzRp2 (4)

respectively. The input impedances of the GD and BD
RGC TIAs are given by

ZinRGC,GD =
1
Imit 9mb1+ 9migmz2Rp2 + T (5)
Rs/lstin
Z _ 1
in RGC,BD —
9m1 + 9m19m2Rp2 + (6)

1
Rsllsc,

respectively. The output impedances of the GD and BD
RGC TIAs are approximately the same and are both
equal to

Zout RGC = Rm//# (7)

SCout

The 3-dB frequencies of the GD and BD RGC TIAs
are given by

f3-aBRGC,GD
~ ! 8)
2m Rin [Cin + Cgsz + ngz(l + Im2 (RDZ//raz))]
1
f3-aB RGC,BD ~ %)

2T[Rin (Cin + CgSZ)

respectively. In general, the RGC based TIA exhibits
notable features, primarily its ability to compensate the
effect of the photodiode capacitance on bandwidth,
thanks to its low input impedance and the incorporation
of local feedback [19]. Despite this advantage, this
topology suffers from the instability and the limited
voltage headroom. As the RGC is a third-order system,
careful design to maintain an acceptable phase margin is
necessary. Concerning the voltage-headroom issue and
to ensure that the transistors operate in the saturation
mode, a DC level shifter, typically implemented by an
additional transistor, can be employed. However, this
solution comes at the expense of an increased power
consumption [20].

78



Vbp

iin ()Cin_l_ <§ RS —1

(b)
Figure 3: a) The GD conventional TIA RGC topology. b)
The BD conventional TIA RGC topology.

4.2 The Common-Source Topology, CS

The CS topology, which is shown in Figure 4,
consists of the main amplifier, M, with a resistive load,
Rp, and a resistive feedback resistor, Ry. M operates in the

saturation region.
T Voo

>
2 R
Ry .
N\ Tout

I [ M __I_Cout

“D 1

|_|'
<2 Lin —
i— T
(b
Figure 4: a) The GD common-source with resistive

feedback topology. b) The BD common-source with resistive
feedback topology.

The gains of the GD and BD common source TIAs
with feedback are given by

. 1-gmR

TIA Gain cs,GD — 9711“ (10)
™ Rp//ro

TIA Gain cs gp = —2m2 (11)

gmb + RD;/TU
respectively. The input impedances of the GD and BD
CS TIAs with feedback are given by
Ry
RD//iscll,ut

T+5CiRy (12)

1
Rp/lsc e

1+

Zincsep =

gm +SCin+

Rf ;
Rp/lsg =
i (13)

1+

Zincspp =

9mp +SCin + T
Rp/Iscyue

respectively. The output impedances of the GD and BD
CS TIAs with feedback are given by

1

Zout cs,Gp = gm=
1 1 i
1, + 14
Rf RD//sCzut t RS ( )
Zout CS,BD =
1
9Imb - (15)
+ReSCin ~ Rpy// 7o //ﬁ//(Rf +ﬁ)

respectively. The 3-dB frequencies of the GD and BD
CS TIAs with resistive feedback are given by

fz—aBcsGp =
1 (16)
2m Rin [Cin + Cgs + ng(l + Im (RD//Tds))]

fa-acsBp =
! a7
21 [(Caut + ng)RD + (Cin + Csb)(Rf + (RD//ro))]

respectively. In general, the CS based TIA employs a
resistive feedback to reduce the input impedance and
counteract the impact of the photodiode capacitance on
bandwidth [21]. Additionally, the system is inherently
stable, as it is a second-order system with only two poles.
However, a notable drawback lies in the challenge of
achieving a high gain [5].

4.3 The CMOS-Inverter Topology

The CMOS-inverter topology is shown in Figure 5. It
consists of M; M, and R which act as a pull-down
network, a pull-up network, and a resistive feedback,
respectively. In this topology, ensuring impedance
matching between the load and the gain stage is crucial
for achieving maximum power transfer [22]. The
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selection of the aspect ratios, (W/L), of each transistor
must be carefully made in order to prevent any
mismatches.

_I%.._NV\_
Co wut | | |

s

Vbias

0

Figure 5: a) The GD CMOS inverter topology. b) The BD
CMOS inverter topology.

The gains of the GD and BD CMOS inverter TIAs
are given by

1

TIA Gain =——
CMOs, GD Imit Imz

— Ry (18)

1 - (9mb1 + 9mb2) Ry

TIA Gain CMOS, BD — (19)

+ +
9Imb1t Gmb2 Toi//To2

respectively. The input impedances of the GD and BD
CMOS inverter TIAs are given by

Zin cMos,Gp =
1+ SCoutRf (20)
9mi +gmz + SCin+ SCout + RfSZCinCout
R
_ Tol/ﬁ“oz//m
Zin cMos,BD = 1+SCiR; (21)

Imb1 + Gmb2 + SCin + ——————5—
Tol//'foz//m

respectively. The output impedances of the GD and BD
CMOS inverter TIAs are given by

Zout cM0OS,GD = T
Imit9dmz —gj;

1
Ry *SCoutt TR sch (22)
Zout cM0oS,BD =
1
Imb1 + Imb2 1 (23)
1+ R¢SC; 1 1
1SCin " ro1// oz I sgyi! IRy + 3¢

respectively. The 3-dB frequencies of the GD and BD
CMOS inverter TIAs are given by

f3—aB cmosp =

f3-aB cmos,BD =

respectively. In general, the CMOS inverter-based TIA
exhibits the capability of offering a relatively large
voltage gain due to adopting both the NMOS and PMOS
devices in the amplification process. However, due to
connecting the input signal to both the NMOS and
PMOS devices, it introduces a significant capacitance at
the input node and a large Miller capacitance [5]. This
notable capacitance arises from the extensive width of
the employed PMQOS transistor, which, in turn, occupies
a large silicon area. The large capacitances certainly
impact the overall bandwidth of the TIA, thus leading to
slower response times.

4.4 The Proposed Approach (The Composite-
Cascode Topology, CC)

In the GD CC topology, which is shown in Figure 6
(@), the signal source is directly connected to the gates of
transistors, M; and M,. The negative-feedback network is

2m [Rin(cin + Csbl + Csbz) + Rout(Cout + ngl + ngz) + Rf(Cdbl + Cdbz)]

1
(24)
2m [Rin(cin + Cgsl + Cgsz) + Rout(Cout + Cdbl + Cdbz) + Rf(ngl + ngz)]
1
(25)

formed by the two resistors, R and R;. This topology
outperforms the conventional cascode from the point of
view of the power efficiency by providing lower bias
currents at the expense of higher Z,, [23].

The proposed design employed a BD structure to
combine the advantages of both the CC topology and the
BD configuration in TIA design. Unlike the GD CC, in
the BD CC, shown in Figure 6 (b), the signal source is
directly connected to the body terminals of the
transistors, M; and M,. The gains of the GD and BD CC
TIAs are given by
®R//RP@m2 ~ 7))

R<R_1f_gm2) ] (26)

TIA Gain cC,GD =
R+Rf Rf

TIA Gain =1
CC,BD %+R_1f IR (27)

1+Rf9mb1 Rf
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respectively. The input impedances of the GD and BD
CC TIAs are given by

1

Zinccop =

1

gmi-g=

X, f

Ry T R//sc * TV R SCout (28)

1
Z: =
in CC,BD ] RL—gmbl (29)

f

1

I _
1

Ry Ri/5g— T+RpSCout

respectively. The output impedances of the GD and BD

CC TIAs are given by
1

Zout cc6p = PR
1 ec 4Ry (30)
Rf OULTT—RfSCin
7 _ 1
out CC,BD — 1
L+ 9mb1(R//5¢,) (31)

SCout + T
Rp+ (R//m)

respectively. The 3-dB frequencies of GD and BD CC
TIAs are given by

1

fs—aBccop ® 2R (Cin + Cys1) (32)
1

fi-aBccap = m (33)

respectively. In general, the CC based TIA offers a high
gain. However, it requires a careful design to ensure the
stability of the TIA. Despite the design complexity, the
cascode devices employed contribute negligible noise.
The CC based TIA can be employed in low-voltage
applications where power efficiency and voltage
constraints are crucial considerations [24].

Vbias E
] 4

%

| H
o
=
VA
=y}
S

— Vpp
beasl M
4
b M3
. R
Vout _}\AF\
Cout J——
Vbiasz - B
| M,
>
l— M1 i Cm > R
. T3
(b)

Figure 6: a) The GD composite-cascode topology. b) The BD
composite-cascode topology.

5. SIMULATION RESULTS AND
DISCUSSIONS

5.1 Simulation Setup

The simulation employed the 130-nm CMOS
predictive-technology  models  with  power-supply
voltages of 1.2 V and 0.9 V for the GD and BD
configurations, respectively. It must be noted that the
simulation is performed under different values of Vpp for
these two configurations. This is because the BD
configuration consumes larger power consumption when
adopting the same Vpp as the GD configuration due to
the larger current drawn form the signal applied at the
body terminal in contrast to the much smaller current
drawn from the signal when applied at the gate terminal
in case of the GD configuration.

In the RGC TIA, a load resistance, Rp, of values 200

Q and 400 Q was adopted for the GD and BD
configurations, respectively. The aspect ratio of the main
amplifier was chosen as 20. The CS topology was
realized with a load resistance, Rp, of values 100 Q and 4
kQ for the GD and BD configurations, respectively. The
aspect ratio is taken equal to 0.5 and the feedback
resistance was fixed at 10 Q. For the CMOS inverter
with resistive feedback, the aspect ratios of 25 and 7
were adopted for the GD and BD configurations,
respectively. The feedback resistance was established at
10 Q. For the GD composite-cascode topology, the
aspect ratios of 15 and 0.7 were adopted for M; and M,,
respectively. The resistances, R and R;, were chosen
equal to 11 kQ and 10 Q, respectively. Finally, for the
BD composite-cascode topology, the aspect ratios of 12
and 1 were chosen for M; and M,, respectively. The
81



resistances, R and Ry, were chosen equal to 30 kQ and 10
Q, respectively.

The TIA gain, 3-dB bandwidth, input/output
impedance, noise, distortion, and power dissipation are
all evaluated for each topology. To enable a meaningful
comparison between the proposed TIA topology and
other topologies, the following figure of merit, FoM, is
proposed and adopted here:

FoM
_ TIA Gain (dBQ) * 3 — dB Bandwidth (MHz) 34)

Area (um?) * Py (mW) * Input — referred noise (\/’%) *Vpp (V)

In order to obtain a fair comparison, the power-
supply voltage was included in the defined FoM due to
the adoption of different power supplies in the simulation
of the two configurations. Table 1 presents an overview
of the performance metrics of the adopted TIA

topologies along with various topologies from previous

work. The evaluation of each topology is made by Kiviat
graph in which the various performance metrics are
evaluated and plotted, each one across a certain axis.
According to the performed comparison, there are eight
performance metrics. Thus, each axis is separated from
its two neighboring ones by an angle of 360°/8 = 45° and
vice versa. The value corresponding to the best
performance is plotted as far as possible from the origin.
For example, Z;, of the TIA is preferred to be as small as
possible while the 3-dB bandwidth is preferred to be as
large as possible. So, the first metric is plotted in Kiviat
graph with small values far away from the origin while
the second metric is plotted in Kiviat graph with small
values close to the origin. Since the shaded area in Kiviat
graph is associated with the distances of each metric, the
larger the area shaded in Kiviat graph, the better the

topology.

Table 1. Comparison of T1A topologies and other works.

Input-
Technology Sgllit)sgé [(d3§igrz1] 383\? é'z"] [ZS"E“]' rerﬁ?)irg: | TF%?]” Conzz\p’neprtion E?l rniza] FoM
V1 [MHZz] current [mw]
[pA/NHz]
[4] 65 nm 1.2 73 550 NA" NA 3.4 NA 4.8 970 2.113549
[25] 130 nm 1.8 76.8 1000 NA” NA" NA” NA” 47.3 23100 NA"
[26] 130 nm 1.2 104.8 50 NA NA" 2.2 NA" 0.34 1200 3.2432
[27] 180 nm 1.8 101.9 91 NA NA" 4.4 NA 0.151 NA" NA"
[2] 180 nm 1.8 100 9.6 NA NA" 8.52 NA 0.0936 NA" NA"
[28] 65 nm 1 42 1000 NA” NA" 33 NA” 0.315 NA" NA"
GD CS 130 nm 1.2 39.8 762 108 0.2 13 0.0005 0.112 24 723.24
BD CS 130 nm 0.9 55.5 127 598  8.47 25 9.97 0.056 2205  3203.65
GB RGC 130 nm 1.2 42.96 404 192 555 14 0.034 1.14 105.3 8.6
BD RGC 130 nm 0.9 483 255 243 118 1 0.0011 0.51 104.8 23.28
GDCMOS 135 1y 12 36.39 425 6 97 16 0.028 18 820  0.5457
inverter
BDCMOS 135 m 0.9 5.4 102 508 6.8 7.38 32 0.287 234 12.668
inverter
GD CC 130 nm 1.2 73.1 12.9 4560 95 2.76 2.5678 0.097 5224 561858
BD CC 130 nm 0.9 84.4 42 16650 9 2.2 6.852 0.023 436 17.853

* NA refers to not available.
** THD refers to total harmonic distortion.
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5.2 The Regulated-Cascode Topology, RGC

In the GD configuration, the RGC demonstrated
remarkable performance characteristics as the circuit
meets the requirements of applications demanding
moderate-frequency operation and moderate-speed data
transmission. However, it is important to note that the
GD configuration requires a remarkable power
dissipation.

In the BD configuration, on the other hand, the
RGC showcased its suitability for biomedical
applications. The circuit demonstrated lower power
consumption compared to that of the GD configuration.
Furthermore, it exhibited lower THD (as shown in
Figure 7) that is crucial in biomedical applications
where precise and reliable signal amplification are both
required.

TIA Gain
High

3-dB Bandwidth

\2/\ High

Power Consumption
Low

Noise
Low

@

TIA Gain
High

z 3-dB Bandwidth

L High

Zout Power Consumption
Low Low

Area THD

Le
ow Low

Noise
Low

(b)
Figure 7: a) Kiviat graph of the GD RGC topology. b)
Kiviat graph of the BD RGC topology.

5.2 The Common-Source Topology, CS

As shown in Figure 8, the GD configuration
exhibits competitive performance in terms of
bandwidth (BW), total harmonic distortion (THD), and
Zoyw. This makes it particularly well-suited for fiber
optic applications where high-speed signal processing
and high-speed data transmission are paramount.
However, it may have certain limitations in terms of
gain, input-referred noise current, and power
consumption.

The BD configuration outperforms in terms of area,
power dissipation, making it highly suitable for

portable devices. Its size and lower power consumption
make it an excellent choice for applications where size

and power constraints are critical.
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Figure 8: a) Kiviat graph of the GD CS with resistive
feedback topology. b) Kiviat graph of the BD CS with
resistive feedback topology.

5.3 The CMOS-Inverter Topology

The GD configuration exhibits higher BW, lower
gain, higher power consumption, and occupies a larger
area compared to the BD configuration (refer to Figure
9). The higher gain achieved with the BD configuration
is in contrast to what is mentioned in Section 3 as gy, IS
smaller than g,,. However, it must be noted that the
adopted power supply is different for the GD and BD
configurations. The GD configuration outperforms the
BD one in terms of Z;, It could still be suitable for
certain applications where the need of moderate BW is
required; however, this comes at the expense of lower
gain, larger area, and larger power consumption. In
contrast, the BD configuration excels in terms of Z,,
so a higher voltage can be delivered to the load by
minimizing the voltage drop across Zoy.
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Figure 9: a) Kiviat graph of the GD CMOS inverter
topology. b) Kiviat graph of the BD CMOS inverter
topology.

5.4 The Composite-Cascode Topology, CC

The GD and BD configurations of the CC topology
excels in terms of gain, power efficiency, and noise
performance (Figure 10). Given its strengths, the two
configurations are well-suited for biomedical
applications as these types of applications require

precise and low-noise signal amplification.
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Figure 10: a) Kiviat graph of the GD composite-cascode
topology. b) Kiviat graph of the BD composite-cascode
topology.

6. IMPACT OF TECHNOLOGY
SCALING

In this section, the impact of technology scaling on
the performance of the GD and BD configurations is
investigated.

6.1 The Velocity-Saturation and the
Mobility-Degradation Effects

Due to the reduction of the channel length with
technology scaling, the horizontal electric field applied
across the channel increases, thus degrading the
mobility of the charge carriers. The result is that the
velocity of the free electrons saturates and is no longer
dependent on the applied electric field [29]. The effect
of wvelocity saturation on the current-voltage
relationship in the saturation region is that it becomes
linear. On the other hand, the mobility-degradation
effect is due to the degradation of the mobility of the
charge carriers due to the increase of the electric field
in the vertical direction across the gate oxide [29].

In fact, the mobility-degradation effect becomes
more perceptible with technology scaling due to the
reduction of the gate-oxide thickness. Reducing the
gate-oxide thickness was done in order to mitigate the
short-channel effects [30]. These two effects certainly
reduce the current-driving capability of the transistors
and also result in a degraded gate transconductance.
Thus, the gain of the GD configuration is expected to
decrease with technology scaling compared to the BD
one.

The reduction of g, results in an increase in the
input resistance of the GD configuration which is
related to the inverse of g,

6.2 Reduction of the Early Voltage

The reduction of the channel length with
technology scaling causes the Early voltage, Va, to
decrease. Thus, the effect of r, will be more significant
with technology scaling. The result is that the intrinsic
gain, gmr,, decreases.

6.3 Reduction of the Vpp/Vin, Ratio

This effect is due to the fact that Vpp decreases with
technology scaling in order to reduce the power
consumption and reduce the probability of oxide
breakdown [31], [32], [33]. Also, Vi, decreases with
technology scaling in order not to degrade the speed
[34], [35]. However, the rate of the reduction of the
power-supply voltage is faster than that of Vi, [36],
[37], [38], [39]. So, the ratio, Vpp/Viy, degrades with
technology scaling. Thus, the portion of the dc power
supply, that is required to turn on the transistor and
achieves a considerable transistor action in accordance
with the conventional GD configuration, increases.
This seems to be a relative advantage for the BD
configuration.
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6.4 Reduction of the Body Effect

Returning to Eq. (2) for the body-effect parameter,
it must be noted that N, increases with technology
scaling in order to reduce the depletion-region
thickness and C,, increases due to the reduction of the
gate-oxide thickness. Both N, and C,, increase by the
same rate. So, y decreases with technology scaling.
Thus, gmp and accordingly the gain of the body-driven
configuration decreases with technology scaling.

6.5 Reduction of the Internal Capacitances

Since the values of the internal capacitances are
proportional to the device dimensions [40], the internal
capacitances certainly decrease with technology
scaling. This indicates an increase in the bandwidth of
both the GD and BD configurations. However, the
number of metal layers of the interconnections
increases with technology scaling [30], thus acting to
counterbalance the previous effect on the bandwidth.
However, since the fan-out is not large in analog
circuits on contrary to the digital ones, the former
effect is the dominant one and the bandwidth is
expected to increase with technology scaling.

7. CONCLUSIONS

In this paper, four topologies of the transimpedance
amplifier are simulated and compared, each realized
using the gate-driven and the body-driven
configurations. The choice between the GD and BD
configurations for each topology depends on the
specific performance requirements and constraints of
the application. The BD configuration is chosen for
low-power, low-noise, and high-gain applications
while the GD configuration might be preferred for
higher bandwidth requirements. Understanding the
trade-offs of each configuration is essential for
selecting the most appropriate topology for a given
application. Finally, the effects of CMOS technology
scaling on the performance of the GD and BD
configurations were investigated in a qualitative
manner.

8. FUTURE WORK

In this section, two points are presented as
suggestions for future work:
1. First, the work performed in this paper can be
extended to include operating the devices in the
subthreshold region. This region is suitable for
biomedical applications or other applications that
require very low power but does not require high
speed. Also, the various levels of inversion including
moderate and weak inversions can be adopted.
2. Second, the sizes of the transistors and the resistance
values adopted in this paper are not optimum in that
they do not correspond to the optimum performance of
the adopted topologies. The reader is encouraged to
seek optimum values for the adopted components. This
can be achieved either by evaluating the figure of merit
or evaluating the shaded area in Kiviat graph at several
values for these parameters, then deciding on the

values that correspond to the largest FoM or the largest
shaded area.

9. REFERENCES

[1] E. Sé&ckinger, Analysis and Design of
Transimpedance Amplifiers for Optical Receivers,
J. Wiely, and Sons, 2017.

[2] M. Mathew, B. L. Hart, and K. Hayatleh, “Low
input-resistance  low-power  transimpedance
amplifier design for biomedical applications,”
Analog Integrated Circuits and Signal Processing,
vol. 110, no. 3, pp. 527-534, Jan. 2022, doi:
https://doi.org/10.1007/s10470-021-01985-x.

[3] L. Li, “High gain low power operational amplifier
design and compensation techniques,” Doctor of
Philosophy Thesis, Brigham Young University,
2007.

[4] W. Ahmad, M. Abdulaziz, M. Térménen, and H.
Sjoland, “CMOS adaptive TIA with embedded
single-ended to differential conversion foranalog
optical links,” IEEE International Symposium on
Circuits and Systems (ISCAS), pp. 489-499, May
2015, doi:
https://doi.org/10.1109/iscas.2015.7168719.

[5] Q. Pan and X. Luo, “A 58-dBQ 20-Gb/s inverter-
based cascode transimpedance amplifier for
optical communications,” Journal of
Semiconductors, vol. 43, no. 1, p. 012401, Jan.
2022, doi: https://doi.org/10.1088/1674-
4926/43/1/012401.

[6] S. Sadeghi, M. Nayeri, M. Dolatshahi, M.
Moftakharzadeh, “An active CMOS optical
receiver employing an inductor-less, low-noise
and high-gain regulated cascode transimpedance
amplifier,”  Microelectronics Journal, 2021.
https://doi.org/10.1016/j.mejo.2021.105015.

[71 E. S. Parapari, E. S. Parapari, Z. D.
Koozehkanani, and S. Toofan, “A 12.5 Gb/s 0.13-
um CMOS inductorless transimpedance amplifier
with 1 pF input capacitance for optical
communications,” International Journal of Circuit
Theory and Applications, Sep. 2022, doi:
https://doi.org/10.1002/cta.3427.

[8] S. Sadeghi, M. Nayeri, M. Dolatshahi, A.
Moftakharzadeh, “Novel ultra-low-power
mirrored folded-cascade transimpedance
amplifie,” J. Electr. Comput. Eng. Innovations,
vol. 11, no. 1, pp. 217- 228, 2023. DOI:
10.22061/jecei.2022.9015.568.

[9] A. Atef, M. Atef, E. E. M. Khaled, and M. Abbas,
“CMOS  Transimpedance  Amplifiers  for
Biomedical Applications: A Comparative Study,”
IEEE Circuits and Systems Magazine, vol. 20, no.
1, pp. 12-31, 2020, doi:
https://doi.org/10.1109/mcas.2019.2961724.

[10] S. A. Hosseinisharif, M. Pourahmadi, and M. R.
85


https://doi.org/10.1016/j.mejo.2021.105015

Shayesteh, “An Active, Low-Power, 10Gbps,
Current-based Transimpedance Amplifier in a
Broadband Optical Receiver Front-End,” Tabriz
Journal of Electrical Engineering, vol. 51, no. 1,
pp. 49-60, Apr. 2021.

[11] S. B. S. Lee and K. S. Yeo, “A 4 GHz Single-to-
Differential Cross-Coupled Variable-Gain
Transimpedance Amplifier for Optical
Communication,” Electronics, vol. 10, no. 23, p.
30-42, Dec. 2021, doi:
https://doi.org/10.3390/electronics10233042.

[12] L. Zuo, “Low-voltage bulk-driven amplifier
design and its application in implantable
biomedical sensors,” 2012.

[13] M. Akbari, O. Hashemipour, M. H. Moaiyeri, and
A. Aghajani, “An efficient approach to enhance
bulk-driven  amplifiers,” Analog Integrated
Circuits and Signal Processing, pp. 489-499,
2017.

[14] F. Khateb, T. Kulej, M. Akbari, and K. T. Tang, “A
0.5-V multiple-input bulk-driven OTA in 0.18-pum
CMOS,” IEEE Transactions on Very Large Scale
Integration (VLSI) Systems, vol. 30, no. 11, pp.
1739-1747, 2022.

[15] F. Khateb, T. Kulej, M. Kumngern, “Multiple-
input bulk-driven MOS transistor for low-voltage
low-frequency applications,” Circuits Syst Signal
Process, vol. 38, p. 2829-2845, 2019.

[16] M. Kumngern, T. Kulej, and F. Khateb, “31.3 nW,
0.5 V bulk-driven OTA for biosignal processing,”
IEEE Access, 2023.

[17] A. Anand and K. Rana, “Utility of bulk driven
MOSFET for low voltage analog design,” Journal
of Emerging Technologies and Innovative
Research (JETIR), vol. 5, no. 8, August 2018.

[18] A. S. Sedra and K. C. Smith, Microelectronic
Circuits, Seventh Edition, New York: Oxford,
Oxford University, 2015.

[19] E. S. Parapari, Z. D. Koozehkanani, and S.
Toofan, “A 10-GHz Inductorless Modified
Regulated Cascode Transimpedance Amplifier for
Optical Fiber Communication,” Microelectronics
Journal, vol. 114, p. 105123, Aug. 2021, doi:
https://doi.org/10.1016/j.mejo.2021.105123.

[20] M. S. H. Alsheikhjader, G. S. Aziz, A. |. Mustafa,
L. M. Al Taan, “A 65 nm CMOS Feedforward
Transimpedance Amplifier for Optical Fibers

Communications,” International Journal of
Engineering, Transactions A: Basics, Vol. 35 No.
10, (2022), 1830-1840. doi:

10.5829/ije.2022.35.10a.03.

[21] S. R. Qasemi, M. Rafati, and P. Amiri, “A 10 Gb/s
noise-canceled transimpedance amplifier for
optical communication receivers,”  Analog
Integrated Circuits and Signal Processing, vol.
101, no. 3, pp. 669-680, Oct. 2019, doi:

https://doi.org/10.1007/5s10470-019-01546-3

[22] W. Bae, “CMOS inverter as analog circuit: An
overview,” Journal of Low Power Electronics and
Applications, vol. 9, no. 3, 2019.

[23] K. Kandpal, S. Varshney, and M. Goswami, “A
high speed-low power comparator with composite
cascode pre-amplification for  oversampled
ADCs,” Journal of Automationand Control, 2013.

[24] S. Kunamalla, and B. R. Nistala, “Design of Fin
FET based High gain Low Power Two Stage OTA
for Biomedical Applications,” Scope, vol. 13,
issue 2, Jun. 2023.

[25] M. Atef and D. Abd-Elrahman, “2.5 Gbit/s
compact transimpedance amplifier using active
inductor in 130nm CMOS technology,” in 21st
International Conference Mixed Design of
Integrated Circuits and Systems (MIXDES), 2014.

[26] A. Atef, M. Atef, M. Abbas, and E. E. Khaled,
“High-sensitivity regulated inverter cascode
transimpedance amplifier for near infrared
spectroscopy,” in International Japan-Egypt
Conference on Electronics, Communications and
Comp, 2016.

[27] Z. Sohrabi, and M. Zare, “A Modified Regulated
Cascode transimpedance amplifier with extra
feed-forward path to enhance gain and
bandwidth,” Tabriz  Journal  of  Electrical
Engineering, vol. 53, no.3, pp. 235-243, 2023.
DOI: 10.22034/tjee.2023.16133.

[28] R. Al-Berwari and M. H. Alsheikhjader, “An
Active Inductor Based Transimpedance Amplifier
with Two Local Feedbacks as a Fiber Optic
Application,” Rafidain Journal of Science, vol.
32, no. 2, pp. 3852, Jun. 2023, doi:
https://doi.org/10.33899/rjs.2023.178574

[29] B. Razavi, Design of Analog CMOS Integrated
Circuits,  Second  Edition,  McGraw-Hill,
Singapore, 2017.

[30] V. Kursen and E. B. Friedman, Multi-Voltage
CMOS Circuit Design, John Wiley & Sons Ltd.,
Great Britain, 2006.

[31] J. D. Plummer and P. B. Griffin, “Material and
process limits in silicon VLSI technology,”
Proceedings of the IEEE, vol. 89, no. 3, pp. 240-
258, Mar. 2001, doi:
https://doi.org/10.1109/5.915373.

[32] B. P. Linder, S. Lombardo, J. H. Stathis, A.
Vayshenker, and D. J. Frank, ‘“Voltage
dependence of hard breakdown growth and the
reliability implication in thin dielectrics,” IEEE
Electron Device Letters, vol. 23, no. 11, pp. 661
663, Nov. 2002, doi:
https://doi.org/10.1109/led.2002.805010.

[33] B. P. Linder, J. H. Stathis, D. J. Frank, S.
Lombardo, and A. Vayshenker, “Growth and
scaling of oxide conduction after breakdown,”

86


https://doi.org/10.1007/s10470-019-01546-3
https://doi.org/10.33899/rjs.2023.178574
https://doi.org/10.1109/5.915373
https://doi.org/10.1109/led.2002.805010

Dec. 2003, 41% Annual IEEE International
Reliability Physics Symposium Proceedings, May
2003, doi:
https://doi.org/10.1109/relphy.2003.1197781.

[34] A. P. Chandrakasan, and R. W. Brodersen, Low
Power CMOS Digital Design. Kluwer Academic:
Norwell, MA, 1995.

[35] T. Sakurai and A. R. Newton, “A simple
MOSFET model for circuit analysis,” IEEE
Transactions on Electron Devices, vol. 38, no. 4,
pp. 887-894, Apr. 1991, doi:
https://doi.org/10.1109/16.75219.

[36] K. Nose and T. Sakurai, “Analysis and future
trend of short-circuit power,” IEEE Transactions
on Computer-Aided Design of Integrated Circuits
and Systems, vol. 19, no. 9, pp. 1023-1030, 2000,
doi: https://doi.org/10.1109/43.863642.

[37] K. Chen, C. Hu, “Performance and Vdd scaling in
deep submicrometer CMOS,” IEEE Journal of
SolidState Circuits, vol. 33, no. 10, pp. 1586-
1589, Oct. 1998.

[38] S.-F. Huang et al, “Scalability and biasing
strategy for CMOS with active well bias,”
Proceedings of the IEEE International Symposium
on VLSI Technology, pp. 107-108, June 2001.

[39] N. Lindert, T. Sugii, S. Tang, and C. Hu,
“Dynamic threshold pass-transistor logic for
improved delay at lower power supply voltages,”
IEEE Journal of Solid-state Circuits, vol. 34, no.
1, pp. 85-89, Jan. 1999, doi:
https://doi.org/10.1109/4.736659.

[40] N. H. E. Weste and D. M. Harris, CMOS VLSI
Design: A Circuits and Systems Perspective,
Fourth Edition, Addison-Wesley, Boston, 2011.

87


https://ieeexplore.ieee.org/xpl/conhome/8520/proceeding
https://ieeexplore.ieee.org/xpl/conhome/8520/proceeding
https://doi.org/10.1109/relphy.2003.1197781
https://doi.org/10.1109/16.75219
https://doi.org/10.1109/43.863642
https://doi.org/10.1109/4.736659

