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ABSTRACT

A simulated transimpedance amplifier (TIA) is
proposed in this work with analytical derivations. The
common source (CS) input stage proved to show extremely
low power consumption and input-referred noise current
(spectral density) with high TIA gain and moderate f_(-3dB)
bandwidth. A value of 56.8 dBQ in TIA gain magnitude is
reported at a bandwidth (BW) of 1 GHz. A low 0.41 mW of
total power consumption was achieved, corresponding to the
15.3 pAA(H_z) well reduced magnitude. A specific trade-off
relaxation property appears to have occurred between TIA
gain and input referred noise current on one hand, while on
the other hand, a combinational low power consumption and
input referred noise current took place. The above key
findings represent the valuable solutions for the main
challenges in industrial applications, especially in reducing
TIA power consumption, as application-specific, demand
with high integrity signals involving low input referred noise
current.

Keywords: TIA circuit, front-end topology, CS structure,
optical pre-amplifier, transimpedance.
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INTRODUCTION

For decades, transimpedance amplifiers (TI1As) have been widely used as the key front-end
circuits for optical communications and sensors, which with no exception, involve many design
trade-offs among the gain, bandwidth, noise, supply voltage, and power consumption. Traditionally,
the priority due to the limited fr of CMOS technology is obtaining sufficient bandwidth with small
gain ripples and acceptable input-referred noise (Gu et al., 2023). The common source (CS) amplifier
and a shunt-feedback circuit are often the fundamental components of the basic TIA (Mohan et al.,
2000; Anusha et al., 2018). The importance of Transimpedance amplifiers (TIAs) is that the small
currents generated by the photodiode can be transformed into a voltage through it. It's principally
useful when dealing with high-impedance current sources, such as sensors or photodiodes. Dealing
with TIAs is due to two main reasons: The first is the sources of high impedance, as some sensors
generate a current signal with a high output impedance, and the second reason is the accurate
measurement of the current, because TIAs provide a low input impedance, which ensures accurate
measurement of the current signal. The challenge is to maintain a wide bandwidth while ensuring
minimal noise and signal distortion, which is essential for reliable data transmission at high data rates
(Wang et al., 2024).

Using the input stage biasing impedance and one of the feedback capacitors, a novel method
for constructing a programmable-gain in capacitive feedback TIA that independently adjusts the
low- and high-frequency characteristics (Romanova and Barzdenas, 2021). To overcome the
Transimpedance limit, there are two methods: Creating a useful tool set for designing high-speed,
low-noise TIA for high-sensitivity CMOS optical receivers in both present and future applications
(Li et al., 2022). It is proven that the nonlinear decrease in noise indicates that the gain becomes
nonlinear in the TIAs (Hameed, 2018). A 10 GHz bandwidth with 43.92 dBQ TIA gain was achieved
using a current-mirror based transimpedance amplifier with inductor feedback simulation
(Alsheikhjader, 2020). Using common gate (CG) topology and common source (CS) of
transimpedance amplifier (T1A) resulted in low power consumption (Al-Kawaz and Alsheikhjader,
2020; Al-Berwari and Alsheikhjader, 2022). The extremely low level of power consumption is
measured by using the common-source common-gate input stage with active inductor feedback
(Othman and Alsheikhjader, 2023). Transimpedance amplifiers are essential to offer low power
consumption, high gain, and wide bandwidth (Kosykh et al., 2018). Under a 1.5V supply voltage, a

TIA gain 0f 59.885 dBQ, a bandwidth of 6.9 GHz, and an input-referred noise of 7.925pA/\/FZ, and
a minimum power of 872.965 uW was achieved (Elbadry et al., 2020). As a result of reduced input
impedance, this configuration will increase gain, and high the bandwidth, and reduce output
impedance, providing better results of transimpedance gain (Abu-Taha and Yazgi, 2016). In 130 nm
CMOS technology, a common source (CS) amplifier with active inductive peaking was used to
achieve a 2.5 Gbit/s TIA (Atef and Abd-earthman, 2014).

This work aims to achieve low levels of power consumption and input referred noise current
spectral density due to their high demands in industrial applications.
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MATERIALS AND METHODS

Proposed TIA topology:
The proposed TIA topology is illustrated in Fig. (1) as follows:
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Fig. 1: Proposed TIA topology.

The above topology consists of an input stage of the CS core of amplifying transistor M with
active local feedback of two PMOS transistors Mo and My structures with a collective admittance
of Y;,. The Norton-based photodiode current Ipp, is in parallel with dominant photodiode parasitic
capacitor Cpp. The degenerated output resistance of transistor M1 provides a parallel configuration
with Cpp in which their equivalent resistance enables drain current passage to ground.

The output current I,, of the input stage can lead to actual current gain (I,,/Ipp) and that is
the purpose of having an input stage that works in conjunction with the subsequent second stage
which consists of a CS input terminal at the gate of transistor Ms and a source follower output terminal
of transistor Ms. The current I;,,, entrance of this stage is at node A where a voltage drop occurs
effectively at the gate of transistor Ms leading to drain current conduction and hence enabling the
source of the biasing transistor Mg and eventually more voltage swing at the output node 0,.

Input stage analysis and derivation

Given the fact that the frequency-dependent active inductor feedback impedance is given below

and that is based on the general formula (Razavi, 2012):

_ T010Cgs11S + 1
Imi1 T Cgs11S

Zsq

The DC active inductor feedback resistance (S = 0) becomes (Rf1 =1/ gmll), so that the
loading of Ry, on the PMOS current source resistor 7,9 cannot be neglected given their parallel
configuration as given in the input stage circuit model of Fig. (2). The active inductor feedback
admittance Yy; denoted in Fig. (1) can be expressed as the inversion of Equ. (1).
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Fig. 2: The input stage DC model.

Evidently and from the above small signal model,

VZ -_ IPDRfl + Vol --------- (2)
In which can be defined as:
V
IPD = ng(IPDRfl + VOl) + KO: ......... (3)

It is therefore, the DC transimpedance gain of the input stage is described as follows:

V01 ngRfl -1
YA = —-— 7
THALPE = ) 9m2To9 T

The DC output resistance of transistor M is parallel with r,4. Theoretically, if g,,,Rr > 1 and
Imz2Too > 1, then, Zr 41 = —Ry. So far as the input resistance is concerned.

Rfl + To9

Rpyg=——""—""— i .. 5
inl gm2T09+ 1 ( )

In which the output resistance of the input stage is expressed as:

1
Ro1 = 1ol — v v o 6
o1 =Tooll 2 (6)

m2

The f_;45 bandwidth can be expressed in terms of input resistance R;,; and total input capacitance
Cintor as follows:
1 1

2m Rinlcin,tot

f—3dB =

Where  Cintor = Cpp + Cap1 + Cap11 + Cysz, the small signal high frequency model of the input
stage is drawn as:
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Fig. 3: High-frequency small-signal model of the input stage.
The frequency-dependent TIAL gain of the input stage is expressed as:

@ (Rf1ng25 +1- gmzRf1)7'09

Zr1a1(S) = =
Ipp Rp7199¢S? + [Rf1(1 + Im2709)Cgaz + T09CL, + (Rfl + 7'09)Cin,tot]5 + 1+ gmaToo

®
Where { = CzCp + C,Cintor + CintorCr, and if (S = 0), then the above equation is reduced to DC

TIA gain of Equ. (4). The frequency-dependent output impedance is represented as:

1
SC,

1

Zp1(S) = —
01 09 9

Second stage analysis and derivation
As for the TIA second stage, following the current convention of I;,,, the TIA gain Z;;,, is
therefore given as:

, Voo sta+sb+c
Haz . s*A+s3B+s2C+D

Where:

a= rf3(CgSSrds7Cg55 + CgsSCgssrfIs)

b = (Cg58rd57 + 7”;’3(gm86‘gssrf3 + Cgs8 + Cgss))

C = —9ms9Ims’f3

A= (CQSS)ZTds7(C955)2(Tf3)2

B = gsSrds7Cg55rf3 (Cgssrfisgms + Cgs8)

C= Cgss (rds7gm8 —Y9ms — - Cgss(gmsgmB — 9ImsTf3s — 1)
D = —gmns (gms + Tf3)
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As aresult, the overall TIA gain is introduced as Iy = I;y5:
Io1 Vo2
x —_—

Z =
TIA
Ipp  linz

Noise analysis
Following on the noise equivalent circuit in Fig. (3), the drain current of transistor M2 equals

t0 gim2 (Vn,O1 —Vor fl), as a result of the current summation at the output node 0;, the noise voltage
at this node becomes.

—in,M2 + In,rog + ngVn,Rf1
Im2Too + 1

Vn,Ol = Y09 «evoeeuns (11)

The input referred noise current (mean square) is obtained when dividing both sides of the
above equation by the Z;;4, gain assuming g,,,70o > 1 as follows:

Lims + oy + GmaVir,,  4kTy 4KT —  4KT
Iim = Y = =t +— (12)
Im2Rf1 9m2RF1  GmaRfiTo0  Rpx
RESULTS

The TIA gain shown in Fig. (4) indicated 56.8 dBQ at the point of bandwidth of 1 GHz. Despite
the limitation imposed by the input stage common source configuration, the extent of the bandwidth
involved was enhanced by the active inductor feedback instaliment. A frequency response of this type
is suitable for Gb/s application.
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TIA gain(dBQ)
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45.00
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Fig. (4): Overall TIA gain for the proposed design.

In Fig. (5), the frequency response of the input impedance is illustrated in which a 1.58 MQ is
exhibited at 1 GHz bandwidth. A noticeable reduction in impedance is shown as the signal frequency
is increased. A gap of 14 MQ is reduced between 100 MHz up to 1 GHz signal frequency.
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Fig. (5): Frequency response of the input impedance.

Regarding Fig. (6), the input referred noise current spectral density appears to have 15.3

pA/JH, atthe 1 GHz bandwidth. This low magnitude of noise can have real impact on the TIA
performance as the lowering magnitude mechanism is explained in section 6.
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Fig. (6): Input-referred noise current spectral density for the proposed topology.

The lowest total power consumption is reported in this work for the proposed TIA topology. A
0.41 mW is registered which is an average power consumption, while each transistor consumption is
shown in Fig. (7). Transistor M7 showed the highest consumption in the circuit, while transistors M-
M4 showed near zero levels for that matter.
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Fig. (7): Power consumption as per each transistor number.

Comparative performance analysis

As in (Table 1), having achieved a 56.8 dBQ of TIA gain in this work, it is far larger than 7.6
dBQ shown in literature (Kim and Buckwalter, 2012). However, there is a considerable difference in
bandwidth, and that will be application-specific matter. Having said that, the level of power
consumption and input referred noise current is far lower in this work than previous literature (Kim
and Buckwalter, 2012). So far as TIA gain magnitude of previous literature (Xie et al., 2018), it is
higher than the reported data in this work, however, in the mentioned literature, it lags in terms of
power consumption and input referred noise current reported in this article. Finally, the 10 MHz
bandwidth reported in previous literature (Muthukumaran and Ramachandran, 2022) makes it less
attractive in terms of fiber optic application despite its low levels of power consumption and input
referred noise current.

Table 1: Comparative performance analysis.

Ref. (Kim and (Xieetal., (Muthukumaran and This
Buckwalter, 2012) 2018) Ramachandran, 2022) Work
Year 2012 2018 2022 2025
CMOS Technology 45 nm 45 nm 45 nm 45 nm
TIA Gain (dBQ) 7.6 74.4 140 56.8
Bandwidth (GHz) 33 23 10 MHz 1
Input Referred Noise (pA/vHz) 20.5 12 4.6 15.3
Power Consumption (mW) 9 36.6 0.01 0.41
dc Supply Voltage (V) 1 1 - 1
DISCUSSION

To start with, the input stage was designed to have a current gain, while the subsequent stage
was designed to have a transimpedance gain. Within the input stage, the active inductor feedback
impedance was configured to resonate with the input capacitance so that limited inductive peaking
occurs with no overshoot concerning the gain frequency response of Fig. (4). At high frequencies, the
active inductor feedback impedance Zr; becomes extremely high leading an exceptionally low
admittance Y, and hence very low fractional feedback leading to a limited voltage swing at the drain
of transistor M1. This voltage swing is subtracted (negative feedback) from the signal emanating from
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the photodiode therefore, ending up in a net gate-to-source voltage of transistor M2 enabling it to
conduct. In the active inductor setup, capacitor C,4;, Can work as an open circuit in which transistor
M1 effectively becomes diode-connected, while at high frequencies however, the gate of transistor
M11 becomes at ac ground. Furthermore, since there are no possible current transients within the
active inductor, hence, there is not much of an energy dissipation at the gate of transistor M: leading
to less noise contribution. Eventually, to have high active inductor impedance at high frequency, the
equivalent inductance L., can be tuned if 1519 > 1/gm11, then it becomes:

T010C
Log = 050 ... (13)

Im11

The high small signal resistance of PMOS loads of transistors Mz and My facilitates independent
node voltages such as 0; and O, respectively that enables a stable drain current path through them.
As a result, a relaxation of a trade-off between voltage gains and voltage headroom is achieved given
that the voltage gain of the transistor M, (amplifying transistor) is —g,,,, R, Where Ry, in this case is
ToollRf1Il(RgslI7ap3) -

So far as the lowest possible input referred noise current spectral density, it is all down to the
extremely low active inductor feedback admittance Yz, in which it corresponds to the inverted
feedback impedance Ry, represented in three terms on Equ. (12). In this equation, when it is assumed
that g,,2709 > 1, the second terms go to the lowest value contributing even further to the reduction
in noise contribution. The power consumption reduction is mainly due to the output resistance r, of
each transistor, given the fact that r, = 1/(Alp), hence, the highest output resistance means the
lowest possible drain current I, where is the channel length modulation coefficient. Low drain current
leads to low power consumption as per each transistor given that the power consumption equals to
I,V Where Vpp, is the budget supply voltage for the entire circuit.

CONCLUSIONS

The obtained results by using a common-source input stage-based transimpedance amplifier are
low power consumption (0.41 mW) and input-referred noise current (15.3 pA/\/FZ) with high TIA
gain and moderate f_;,45 bandwidth. These results support the main goal of the research, which is to
obtain the lowest energy consumption and the maximum gain value for the transimpedance. Relying
on the mathematical derivation and simulation of the transimpedance for a high range of frequencies
is of great importance in obtaining these results. This method provides a typical framework that can
be used to reduce costs by adopting an optimal transimpedance. The real difficulty in obtaining an
ideal interface impedance was the process of finding a design that simulated the input signal. Future
researchers can expand the scope of this research and study the impact of fiber optic circuit
applications. In addition, the results obtained from this work can be used in industrial applications by
reducing TIA power consumption.
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