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Abstract

Abstract

This research work introduces five novel gm -boosted transimpedance amplifiers (TIAs), which
are (1) a gm-boosted common-source with source-degeneration as a TIA, (2) a gm-boosted
inverter cascode TIA (gm-boosted Inv-Cas TIA) using quasi-floating gate (QFG), (3) a gm-
boosted folded regulated cascode TIA (gm-boosted RIC TIA) using QFG, (4) a gm-boosted
doubly folded push-pull TIA and (5) a gm-boosted multiple-stage inductively peaked TIA. The
transimpedance gain analysis is discussed for all the proposed TIAs. And the input referred
noise power current spectral density of the last four topologies have been developed
mathematically in this thesis. To demonstrate actual performance enhancement achieved
circuit simulation results are also provided as verification. Each TIA is simulated with a 5 pF
photodiode (PD) input capacitance and a 500 fF output capacitance. The simulation analysis
consists of (1) a transient response of output voltage, (2) a transimpedance gain, (3) a -3 dB
bandwidth, (4) an input referred noise current power spectral density, and (5) an eye diagram
simulation using a 23*-1 pseudo random bit sequence (PRBS) data pattern as an input. A test
chip implementing the gm-boosted Inv-Cas TIA, gm-boosted RIC TIA, and gm-boosted
multiple-stage inductively peaked TIA was fabricated using a 180nm CMOS process. Also, the
microchip was tested by using a fabricated PCB and giving sinusoidal and square wave inputs.

Finally, a detailed discussion is given on the experimental results section.
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Introduction

Chapter 1 Introduction

This chapter presents a brief review of modern CMOS transimpedance amplifiers (TIAS)
including its definition, challenges, and expectations in different fields of TIA applications.
This work’s motivations and objectives, contributions to knowledge, and thesis outline are also
discussed in this chapter.

1.1 Thesis Content

A transimpedance amplifier (TI1A) is defined as a type of measurement device that senses a
very weak current input signal and converts it to a measurable output voltage as a usable signal
[1]. When current flows through a resistor, it also produces a voltage difference across the
resistor. According to Ohms’ Law, the value of voltage drop is proportional to current and
resistance value. In other words, a resistor itself can be seen as a simple passive current to
voltage converter. Ideally, suppose the input current does not change; as the resistor’s value
increases, the value of voltage across the resistor increases as well. However, this passive
current to voltage converter would not work when the input current source is not ideal. As
shown in Fig. 1.1, replacing the input current source with its Thevenin’s equivalent voltage
source with a series resistor Rin, causes the resistors Rin and Rout to be connected in series.

Consequently, the voltage vout Will be reduced if the current source is not ideal.

Current Source

ROUt Vout

Fig. 1.1 Transformation from Norton current source to Thevenin voltage source.

On the other hand, a photodiode always contains unwanted capacitance as shown in Fig. 1.2.
A time constant T is proportional to the value of resistor R and capacitor C shown in equation
(1.01). When the resistor’s value increases, the transimpedance gain is high, but the time

constant increases as well.

r=RC (1.01)

12
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Crp

Fig. 1.2 Equivalent circuit of a photodiode.

All these factors impact the efficiency and accuracy of current to voltage conversion. Hence,
TIA is considered to balance these imperfections. Historically, TIA design is a major area of
interests within the field of photo-sensing-related functions such as optical receivers [2]. Over
the past decades, most research in advanced TIAs shows the rapid development of their
implementations in a wide range, such as biomedical sensor detectors for particles and radiation,
miniaturised spectrometers for nuclear magnetic resonance (NMR), as well as inertial sensors
such as Micro Electro Mechanical Systems (MEMS) accelerometers and gyroscopes [3],[4].
For different applications, their focusing parameters are different. The primary issue in
biological sensors concerns high gain, low noise, and low power consumption with a small
chip area due to the very weak detected biological signals [5]-[8]. However, the speed of signal
processing for biomedical applications is not essential; it can be operated at significantly low
frequencies. Taking a photoplethysmogram (PPG) blood pressure sensor for example, the
average bandwidth is 5 kHz [9]. By contrast, wide bandwidth plays a critical role in optical
communication systems which could be enhanced to multiple GHz range [3][10]. Therefore, it
is necessary to clarify the constraints and requirements of different applications. The type of
particular implementation is the dominant feature of choosing suitable TIA topologies and
configuring the trade-off between parameters such as transimpedance gain, input referred noise,
power consumption, and stability [3],[11].

1.2 Applications

Recent developments in healthcare fields have heightened the need for different CMOS-based
biomedical devices such as blood pressure measuring devices using PPG, Optical Coherence
Tomography (OCT), and functional Near-infrared Spectroscopy (NIRS) [12]. A large and
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growing body of literature has recognised the importance of optoelectronics integrated circuit
design. The working principle of the devices mentioned above is similar. In brief, a signal is
emitted to human tissues and the reflected signal is detected by a photodiode that converts the
optical power into an electrical current. Then the electrical current is converted to a voltage by

TIA. Typically, it is followed by a post-amplifier and an output buffer in the biomedical devices.

1.21 Blood Pressure Measuring Devices

Hypertension (high blood pressure) is a major risk for heart attack, stroke, kidney disease and
others without any symptoms. 7.6 million people have died of high blood pressure worldwide
per year without any symptoms, about 13.5% of the total [13]. Measuring blood pressure
routinely is an effective way to prevent and control hypertension. Recent studies suggest that
measuring blood pressure at home routinely is necessary to prevent patients from serious organ
damage by providing more accurate data [14]. As a low-cost and no supervision-required
device, a PPG sensor is widely used in wearable blood pressure measurement devices [15]-
[19]. Fig. 1.3 shows a block structure of a cuffless blood pressure device using a PPG sensor
containing an LED and a photodiode receiver to detect the blood pressure wave traveling
through the arteries [20]. The LEDs contact human skin and emit lights as a light source. Then
the lights shine through human skin, bones, venous blood, and other tissues. PPG receiver
collects the weak optical signal from reflected lights by a large-area photodiode indicating the
blood volume and heart rate based on the fundamental frequency [21]. The PPG signal consists
of AC and DC components. Only the AC component is synchronized with the heartbeat related
to the blood pulsatile in the artery [22]. Thus, a high gain and low noise TIA has followed by
the photodiode to convert and amplify the weak photocurrent to a strong electrical voltage [23]
as well as to reject the DC photocurrent [24][25]. Usually, the photocurrent varies from a few
nA to several uA [23], [16]. TIA plays a critical role in the PPG receiver sensors because it
decides the receiver’s sensitivity and bandwidth. The major bottleneck of TIA is caused by the
large-area photodiode which creates a high parasitic capacitance. And the parasitic capacitance

limits the gain, bandwidth, noise performance and power consumption [23].
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Fig. 1.3 A block structure of an optical PPG blood pressure measurement [16].

1.22 Optical Coherence Tomography

Optical coherence tomography (OCT) is a non-invasive micrometre-scale cross-sectional
imaging technology in biomedical systems that generates a false colour of live biological
tissues in real-time to measure the thickness [26]-[29]. OCT applications have widely been
used in many different biomedical fields such as Ophthalmology, Dermatology,
Gastroenterology, Dentistry, Cardiology, Urology and etc [30]-[33]. Fig. 1.4 shows a block
diagram of an OCT system. Firstly, a fiber coupler divides the light from a light source into the
reference arm and sample arm. Then the reflected lights from the reference mirror and sample
are combined by the fiber coupler. The combined lights are then detected by the on-chip
photodiode that converts optical power into photocurrent. Finally, a voltage signal that TIA
converts is demodulated and sampled by a lock-in amplifier (L1A) and data acquisition board
(DAQ), then the signal is displayed on the screen [33].

Reference

Fig. 1.4 A block diagram of an OCT system [33].
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1.23 Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) is another example of optoelectronics integrated circuit
design for biomedical and sensor applications. It relies on multiple near-infrared wavelengths
from 650nm to 950nm in tissues to the physiological properties of the brain, such as
hemoglobin, oxy-hemoglobin and cytochrome c-oxidase [34]-[36]. Fig. 1.5 shows a block
diagram of an FD-NIRS (frequency domain) system. A signal is generated by the sinusoidal
source to the laser driver. The laser driver then emits a NIR light signal through the skull and

the optical receiver detects and amplifies the reflected weak light signal [37].

NIRS is essential for a wide range of biomedical applications such as imaging brain function
[38][39], prediction of epilepsy seizure [40], muscle metabolism assessment for chronic
obstructive lung disease [41], [42] and identification of vulnerable periods for neurological
injury during paediatric cardiac surgery [43]. The most crucial feature of NIRS is that it is no
harm to humans and people can be exposed to it for a long time [44]. Research shows that the
maximum reflected optical power from tissues is one microwatt [45]. Therefore, high
sensitivity is required for NIRS devices and the optical receiver front end. Also, the system is
expected to be a small chip area, low power consumption and optical power for safety reasons
[37].

Fig. 1.5 A block diagram of an FD-NIRS system [37].
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1.3 Thesis Objective

This research was undertaken to design integrated CMOS high gain TIAs and evaluate their

performances. The objectives involved in this thesis are:

1.

Review relevant existing literatures on biomedical and sensor applications, and identify
the expectations of TIAs for these applications. Analyse the shortage or lack of previous
research and recognise the potential improvement and development.

Referring to knowledge and information from objective one, explore and develop
advanced methodologies for circuit design.

Run several simulations on proposed integrated circuits to achieve the targets using a
180nm standard CMOS technology with 1.8V DC supply voltage. Create layout masks,
then test the performance by extracting the netlist underlying the layout in DRC, LVS
and PEX simulations.

Evaluate the performance of each design and compare them with published designs.

Acknowledge the limitation and make recommendations for further research work.

1.4 Contributions to Knowledge

This thesis contributes in many ways to the understanding of gm-boosted high gain, low noise

and low power consumption TIAs for biomedical and sensor applications. The essential

contributions to knowledge can be illustrated by:

1.

Discussing the complete small-signal mid-band operation of a novel gm-boosted
common-source with source-degeneration and its configuration as a TIA.

Presenting three novel design methodologies for high-gain, low-power and low noise
gm-boosted TIAs consisting of modified gm-boosted Inverter cascode TIA, gm-boosted
folded regulated Inverter cascode TIA, and gm-boosted doubly folded push-pull TIA.
Developing a novel methodology for single-ended to differential conversion.
Investigating and analysing a design of bandwidth extension for gm-boosted voltage-
current feedback TIA.

Enhancing the ability to derive the mid-band gain and input referred noise
mathematically.

Comparison among the proposed TI1As and providing suggestions on their performance

and applications.
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1.5 Thesis Outline

The structure of the thesis takes the form of nine chapters. Chapter two discusses the gm-
boosted common-source with source degeneration and its configuration as a transimpedance
amplifier. Chapter 3-6 present (1) gm-boosted Inv-Cas TIA, (2) gm-boosted RIC TIA, (3) gm-
boosted doubly folded push-pull TIA and (4) gm-boosting multiple-stage inductively peaked
TIA including their mathematical analysis, simulation results, and layout designs. Chapter
seven illustrates the performance of each TIA and provides their comparisons. Chapter eight
lists and analyses the experimental results of the fabricated microchip. Finally, chapter nine

concludes the overview finding of the thesis and the limitations of the current study.
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Chapter 2 gm-boosted Common Source with Source Degeneration

as a Transimpedance Amplifier

The common-source with source-degeneration is well known in analog CMOS integrated
circuits and is discussed in detail in text-books [46]-[50] and other avenues. It is implemented
in numerous building blocks for signal conditioning and for boosting the output-impedance of
analog circuits. Improvement of its intrinsic-gain and output-impedance can further enhance
the performance of such analog building blocks. In this context, the implementation and
comprehensive small-signal mid-band characteristics of a gm-boosted common-source
amplifier with source-degeneration is investigated in this work. The full circuit analysis of a
gm-boosted common-source amplifier with source-degeneration or its trans-impedance
amplifier derivative has not been reported before. A basic gm-boosted common-source with
source-degeneration was introduced in [47] but without comprehensive small-signal analysis.
The gm-boosting technique has been employed in many analog building blocks such as
transconductance-amplifiers [51], transimpedance-amplifiers [52], RF-frontend LNA [53], RF
mixers [54], sensor instrumentation amplifier [55] and so forth. In several recent articles, using
a simplified inspection technique [56] the second author reported many CMOS gm-boosted
topologies which were analysed providing their complete mid-band gain derivation, which was
not available before. This paper explores the behaviour of the gm-boosted common-source stage
with source-degeneration using this simplified inspection technique. Elementary Norton’s and
Thevenin’s source transformations [57] along with suitable conversion of dependent current-
sources into simple conductors/resistors [56], [58] is employed for a “pictorial” and simplified
determination of mid-band gain expressions. Progressively simplified small-signal circuits are
employed which eliminates the use of complicated nodal or mesh analysis in extracting elegant
expressions. The paper also discusses the structural transformation of the gm-boosted common-
source with source-degeneration into a transimpedance-amplifier for sensing and detection
applications. In order to provide a verification of the design enhancements achieved by the gm-
boosted common-source with source-degeneration, comparison with the ordinary common-
source with source-degeneration is also provided through circuit simulations. Overall, this
paper fully explores the gm-boosted common-source with source-degeneration and provides
new “pictorial” transformation based mid-band derivations with an underlying tutorial flavour.
Standard symbols [46], [47], [49], [50] are employed for all the MOSFET parameters in the
small-signal analysis following the general convention for electronic circuit analysis. As a note

on the use of well-defined composite current/voltage notations [59], it is to be mentioned that,
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all the voltages and currents in lower-case alphabets along-with upper-case subscripts are
quantities containing both a large-signal DC-bias and a small-signal (AC) fluctuation
superimposed on it. Also, all the upper-case voltage/current notations along-with upper-case
subscripts are DC quantities. Further, all the lower-case voltage/current notations along-with

lower-case subscripts are AC quantities.

2.1 Transconductance Boosted Common-source with Source-degeneration and its
Inspection based Mid-band Analysis

The topology and the simplified progressive “pictorial” inspection-based analysis of the gm-
boosted common-source with source-degeneration stage is discussed below. A differential
amplifier with gain “A” is used in a negative feed-back loop around the gate and the source of
the NMOS amplifier device M1. The equivalent topologies of the gm-boosted common-source
with source-degeneration using current-sources or resistors is shown in Fig. 2.1. The gm-
boosting differential-amplifier with gain “A” is considered to have high input-impedance
(similar to that of an ideal operational amplifier [57]) so that there is no current flowing into its
terminals at mid-band frequencies. The input to the common-source stage is applied through
the positive (non-inverting) terminal of the gm-boosting amplifier which also contains the DC-
bias (common-mode) input. This common-mode voltage is equal to the DC-bias voltage at the
negative (inverting) terminal of the gm-boosting amplifier which is the same as the DC-voltage
at the source of M1. The gate of the common-source device M1 is biased by the DC level at

the output of the gm-boosting differential amplifier.

Fig. 2.1 Equivalent forms with current-source or resistive degeneration and load.
The AC equivalent circuit is shown in the Fig. 2.2. The negative feed-back termination can be
verified as follows: If there is a slight increase in the voltage at the source of M1 that will result
in a slight decrease in the voltage at the gate of M1(small-signal voltage at the output of the

differential-amplifier) and as a consequence the drain-current of M1 will reduce. Because of
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the reduced drain current the voltage at the source of M1 will reduce slightly thus opposing the

previous increase, and hence, imparting stable operation.

AC equivalent
circuit

Fig. 2.2 AC equivalent circuit.

Fig. 2.3 depicts the small-signal mid-band equivalent circuit for the gm-boosted common-
source with source-degeneration with the gate g1 at a small-signal voltage of A(vin-vy). Usually
at this stage, circuit analysis equations (simultaneous nodal or mesh equations) are employed
to determine the mid-band gain using Fig. 2.3. Instead, a progressive “pictorial” based method

[56], [58] is used here in determining the mid-band gain.

Vout
>

Vin A(Vin- Im1 Vgis1 "
-Yy)
%iﬂ -gml[A in=Vy)- Vﬂ@ Ot blsl@ % %
" lbl

v S=o

Fig. 2.3 Small-signal equivalent circuit.

Following on, in Fig. 2.4 (a) the output of the gm-boosted common-source with source-
degeneration is AC-shorted to ground in order to find the Gm of the Norton amplifier model
[58]. In the next diagram, in Fig. 2.4 (b) the small-signal equivalent model for Fig. 2.4 (a) is
shown which can be used for finding the Gm of the gm-boosted common-source with source-

degeneration.

AC equivalent R
circuit

d1 g out
Vin 9Im1 Vglsl g
A(Vin-Vy) g g,V
%1 = Im1[A(Vjp- vy) - Vy] o MoLbist bl SR
Vy i=0 sl R Vy =
S b1

(b)
Fig. 2.4 (a) AC equivalent circuit with output AC-shorted to ground, and, (b) small-signal equivalent
circuit with output shorted to ground.

21



gm-boosted Common Source with Source Degeneration as a Transimpedance Amplifier

Following on in Fig. 2.5 the transconductance current-source is partitioned into two current-
sources for the purpose of simplification. It is easily observed now that -gmi(A+1)vy and
gmb1Vbist are current-sources due the same voltage (0-vy) across them (with voltages at b1 and
s1 being zero and vy respectively).

d1 Yout
Vin A(Vin- Vy) ; § -
%1 IMLAVin\Y/ - In1 (A+1) v mb1b1sl b1
Vy i=0 sl - R sl Vy ”
S bl _
7; lout_sc

Fig. 2.5 The output shorted small signal equivalent circuit with the transconductance current-source
partitioned into two.

Voltage-dependent current-sources that are due to the voltage across themselves can be
converted into a simple resistor/conductor [56], [58] which is shown “pictorially” in the two-

step circuit equivalence and transformation diagrams in Fig. 2.6 (a) and Fig. 2.6 (b).

dl dl

+
ST Vy sl Vy -
_T_bl _T_bl
(a)
dl
+ di +
Im1(A+1)(- Smba (- -
m1(A+1)(-vy) mb1(~Vy) Vy Im1(A+1) Smb1 S -vy
sl Vy
_T_bl sl Vy
! 1b1
(b) '

Fig. 2.6 (a) the first-step in the transformation of the current-sources -gmi1(A+1)vy and gmb1Vbis1, and,
(b) the second-step in the transformation of -gmi(A+1)vy and gmo1Vps1 into conductors gmi(A+1) and
Omb1 respectively

The final simplified form of this transformation from Fig. 2.6 (b) is next incorporated into Fig.
2.7 where -gm1(A+1)vy and gmb1Vbis1 are reduced to just two conductors of values gmi(A+1) and
Omb1 respectively. Also, in Fig. 2.7 it is evident that the current-source current gmi1Avin is divided
into four parts flowing into the conductors (1/Rs), gmi1(A+1), gmo1 and (1/ro1). Further it is easily
observed that the short circuit output current iout sc is equal and opposite to the part of gmi1Avin

flowing through Rs.
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Vv
1 out

Vin [
Vioo v,
%iﬂ y) gml/“\"in@ gml(A+l)§ gmbl% %6
Vy (ITO sl - R sl Vy
. S bl
lout_sc 1

= lout_sc

Fig. 2.7 The final equivalent circuit simplified by incorporating gmi(A+1) and gmm as replacements
for -gmi(A+1)vy and gmpiVois: respectively.

Hence, by employing the simple current-division formula in Fig. 2.7,

1

. gmn1+('°\"'1)9m1"’l,*l1
Iout_sc = _gml Avin 1 ° (201)
RS + 1
Imb1+(A+1) gy +—
rol
Or,
1
lout sc A gmler("'\Jrl)gmlJrrfl1 (2 02)
. — _g 0 .
Vin " RS + : 1
gmb1+(A+1)gm1+r7
ol
By rationalizing the above right-hand-side expression,
G ——q A fos 2.03
m="Om ( : )

RS r-olgmbl + RS (A+ 1)gmlr01 + RS + I’.01

Next, “pictorial” transformations for finding the Rout of the gm-boosted common-source with
source-degeneration stage’s Norton amplifier model is provided. In Fig. 2.8 the input is AC

short-circuited to find the Rout.

Fig. 2.8 AC equivalent circuit with input shorted to AC ground.

Fig. 2.9 (a) and (b) shows the successively simplified AC small-signal model of the input short-

circuited gm-boosted common-source with source-degeneration stage.
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d1 _ pRout
o s, ety T
o o b
d1 _ ppRout
A0 g asy) Vy@ 'gmblvy® %517"“t
Tgol sl = vy
itom o+ o

Fig. 2.9 (a) small-signal equivalent circuit of the input shorted amplifier, and, (b) further
simplification of the circuit in (a).

Next, in Fig. 2.10, the two dependent current sources being due to the same voltage vy are
accumulated into one current-source along with an inversion of the direction of the arrow to

account for the negative values of the two current-courses.

Rout

Fig. 2.10 Merging the gm-boosted trans-conductance and the body trans-conductance current-sources
and inversion of the current direction.

Finally, in Fig. 2.11 the Norton current-source with parallel resistance rol is converted into a
Thevenin’s voltage-source with a series resistance rol. Rout can now be easily determined
from Fig. 2.11 by dividing the total small-signal (AC) voltage from the output terminal to
ground by the small-signal (AC) loop current (iioop = Vy/Rs) flowing along the loop shown by

the curved line with the arrow.

b1

©-vy) Om1 (A+) +Gn1 1Vy b1

A
gl
—

Fig. 2.11 Conversion of the merged Norton circuit into the Thevenin's form.
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Hence, the Rout can be found in just two steps as,

V
Vout = R_y r-01 + [(A+ 1)gm1 + gmbl]vy r01 + Vy (204)
S
And,
Vy
v — 1, +[(A+1)g,, + gmbl]vy fa +Vy
out — -O_UI = (205)
IIoop Viy
RS
Or,
Rout = RS rolgmbl + RS (A+1)gm1r01 + RS + rol (206)

Finally, using equations (2.03) and (2.06) the no-load (intrinsic) gain of the gm-boosted
common-source with source-degeneration stage (determined by employing an ideal current-

source load) is given by,

A;]/O_Ioad = Gm ROUt
r
= _gml A R ol
T 0oy T Rs(A+1) g, 1, + R +1, (2.07)
XRs1 00 + Rs (A+1) g, 1, + Ry +1y
= _gml A l‘ol

So, the intrinsic-gain is increased by a factor of “ A > compared to the ordinary common-source
with source-degeneration. For a finite load R. instead of an ideal current-source load the gain
IS given by,

Aii/nite-load — Gm(Rout || RL) (2.08)
Or,

Afinite-load - _ gml A rol RL (209)
Y I:\)L + RS r-olgmbl + RS (A+ 1)gm1rol + RS + r.ol

2.2 Transconductance Boosted Common-source with Source-degeneration as a
Transimpedance Amplifier

Transimpedance amplifiers (T1As) are one of the most important analog signal conditioning
circuits particularly for meeting challenging current-sensing specifications in today’s

exploding sensor and biomedical applications. This is in addition to the traditional broad-band
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opto-electronic storage and communication applications employing inductive bandwidth
enhancements. Any amplifier topology can be configured to operate as a transimpedance
amplifier. Here we investigate the transimpedance amplifier configuration of the gm-boosted
common-source with source degeneration which has not been reported before. Fig. 2.12 shows
the standard common-source with source-degeneration converted into a TIA employing a
current-feedback resistor Rr and an input current signal iin to produce a sensed output voltage.
Here Rr also provides the drain feed-back DC-bias at the gate of M1. This drain-feedback
biasing allows the device M1 to be in strong-inversion saturation by maintaining a suitable Vps
(=Ves) so that Vps > (Ves-VTH).

Fig. 2.12 A common-source with source-degeneration wired-up in a transimpedance-amplifier
configuration.

However, in case of the gm-boosted common-source with source-degeneration such drain feed-
back biasing will not work. This is because the DC-bias voltages at the input terminals of the
gm-boosting differential-amplifier are equal (common-mode voltage) and drain feed-back
biasing will result in the Vps of M1 to be zero and consequently M1 will be driven into the
triode region. Hence, a novel biasing scheme is provided for the proper operation of the gm-
boosted common-source with source-degeneration in a TIA configuration as shown in the Fig.
2.13.

Vbb
IBIAS
D2

B2l _¢s2

Fig. 2.13 A gm-boosted common-source with source-degeneration stage configured for operation as a
transimpedance amplifier with bias-circuit for proper operation as a current feed-back amplifier
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An appropriate current Igjas is forced through the diode connected device M2 which
independently sets the DC-voltage at the positive terminal of the gm-boosting amplifier to the
DC-voltage Vv at the negative terminal (the common-mode voltage). Thus, the DC-voltage at
the drain of M1 can be relaxed to be set at an appropriate higher value in order to keep M1 in
saturation. In addition, the small-signal feedback current through Rr can conveniently add
algebraically to the small-signal input current iin at the positive terminal of the gm-boosting
amplifier thus providing closed loop current feed-back operation. Next, the Fig. 2.14 shows the

AC equivalent circuit of the TIA where the bias circuit presents the small-signal impedance

( Req_bias) given by’

R (2.10)

eq_bias = l

Fig. 2.14 AC equivalent circuit of a gm-boosted common-source with source-degeneration stage
configured for operation as a transimpedance amplifier.

The open-loop AC equivalent circuit for determining the loop-gain and the closed-loop
transimpedance gain is shown in the Fig. 2.15 which is the gm-boosted common-source with

source-degeneration topology.

Fig. 2.15 the open-loop circuit for determining the loop-gain and the closed-loop transimpedance
gain.
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This circuit is obtained employing a 2-port Y-model for the feed-back path [47] so that the
admittance parameters are Y11=1/Rrf and Y22=1/Rr for the open-loop feed-forward
transimpedance amplifier (with the effect of feed-back loading). Also, the feed-back factor, 3
is given by the admittance parameter, Y21=1/Rr. It has input-voltage vin corresponding to the
input-current iin, and the output-voltage vout as shown in the figure along with a load resistance

R'L (=RU//Rg). Hence, employing equation (2. 09),

) O,y AL (R //R:)
(RL //RF) + R0 0 + Rs (A+1)gm1rol +Rs +1y,

Aopen-loop _ Vout _
Y = 2= =

(2.11)

in
Where, vin the equivalent small-signal voltage at the positive terminal of the gm-boosting
amplifier is given by,

. 1
Vin = hn m (212)
" r02 RF

Hence, the open-loop transimpedance gain is given by,

1
Om AT, (R //RF)(ﬁ)
gm2 t—t
Z 0o _ e Re (2.13)

(RUTTRE) + R 11 Qs + Rs (A+1) gl + Rs +15,

And, the closed loop transimpedance gain is given by,

1
I AT (R //RF)(ﬁ)
+—+—
ng roZ RF
Z$II(>Ased—Ioop —_ (RL //RF) + RS I’olgmbl + RS (A+ 1)gm1:[01 + RS + r01 (214)
gmlArol(RL //RF)(ﬁ)

+—+—
1 gmz roZ RF

1+—
RF (RL //RF) + RS rolgmbl + RS (A+1)gm1rol + RS + r01

Where, the standard feed-back factor, =1/RF.

2.3 Performance Verification through Simulation Results

Simulations were carried-out on Cadence for the presented circuits employing a 1.8V power
supply, current-source load and resistive source-degeneration. Similar device sizes and

component values were employed for the corresponding transistors and resistors for the gm-

28



gm-boosted Common Source with Source Degeneration as a Transimpedance Amplifier

boosted and the non gm-boosted (basic) amplifiers for their performance comparisons. Fig. 2.16
shows the gm-boosted common-source with source-degeneration stage for simulation along-
with the transistor-level diagram of the gm-boosting amplifier. The device-sizes and component
values were as follows, for M1 W/L = 2um/0.2um, for M2 W/L = 2um/0.370um, for M3 and
M4 W/L = 2.8um/0.220um, for M5 and M6 W/L = 6um/0.220um, for the tail device M7
W/L = 4.4um/0.180um and finally Rs = 10k. The bias voltages V2 and Vg7 were respectively
695mV and 590mV, while the common-mode DC input voltage at vin was 701 mV.

M5 El B5/B6
GS,GG|_4 D3, D5

Fig. 2.16 A gm-boosted common-source with source-degeneration stage for simulation

Fig. 2.17 shows that the voltage gain of the gm-boosted common-source with source-
degeneration stage is much higher compared to that for the common-source with source-
degeneration stage without gm boosting for similar size of gain device, load device and source-

degeneration resistor.
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Fig. 2.17 Comparison of the voltage gain of common-source with source-degeneration, with and
without gm-boosting.
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Next, Fig. 2.18 shows a comparison of the voltage gain of common-source with source-
degeneration, with and without gm-boosting with increasing value of a finite resistive load Ry.
With increasing finite load resistance R the gain of the amplifier approaches towards the
intrinsic-gain of the amplifier. Hence, in agreement with the expression for the intrinsic-gain
of the ordinary common-source with source-degeneration (gmro) compared to that of the gm-
boosted common-source with source-degeneration (Agmro) given by equation (2.07) the gain
increases rapidly with Re in case of the gm-boosting. This verifies the gain enhancement
achieved by employing the gm-boosting.

VOLTAGE GAIN VS. LOAD R, WITH/WITHOUT gm BOOSTING
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Fig 2.18 Comparison of the voltage-gain of common-source with source-degeneration, with and
without gm-boosting with increasing value of a finite resistive load RL.

Next, Fig. 2.19 shows the TIA configuration of the gm-boosted common-source with source-
degeneration for simulation along-with the transistor-level diagram of the gm-boosting
amplifier. The device-sizes and component values were as follows, for M1 W/L =
2.7um/0.180um, for M2 W/L = 5.5um/0.220um, for M3 and M4 W/L = 2.8um/0.220um, for
M5 and M6 W/L = 6um/0.220um, for the tail device M7 W/L = 4.4um/0.180um, for the bias
device M8 W/L = 3.5um/0.180um, the source-degeneration Rs = 6k and the feed-back resistor
Rr = 1k. Also, the bias current Igias = 15 YA and the bias voltages Ve2 and Vg7 are respectively
800mV and 590 mV.
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Fig. 2.19 A TIA configuration of the gm-boosted common-source with source-degeneration for
simulation.

Fig. 2.20 shows the comparison of the transimpedance gain of the TIA configuration of
common-source with source-degeneration, with and without gm-boosting. It is clearly seen that
the voltage-gain of the gm-boosted common-source with source-degeneration TIA is much
higher compared to that for the ordinary common-source with source degeneration TIA without
gm-boosting for similar size of gain device, load device, feed-back resistor and source-

degeneration resistor.

TRANSIMPEDANCE GAIN VS. FREQUENCY
WITH/WITHOUT gm BOOSTING

4)]
(3]
T

With gm boosting
= = Without gm boosting

4]
o
T

'S
1
T

TRANSIMPEDANCE GAIN (dBQ)
S
o

(9]
w
T
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Fig. 2.20 Comparison of the transimpedance gain of the TIA configuration of common-source with
source-degeneration, with and without gm-boosting.
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Chapter 3 gm-boosted  Inverter Cascode  Transimpedance
Amplifier

This chapter illustrates the gm-boosted inverter cascode TIA (gm-boosted Inv-Cas TIA) using a
quasi-floating gate (QFG) design. Theoretical analysis such as its mid-band gain and noise
analysis are developed. And its simulation results indicated the transimpedance gain is 145.8
dB with a -3-dB bandwidth of 5.31 kHz. The input referred noise current spectral density is
below 4.23 pA/sqrt (Hz). Eye diagram simulation using -123dBm input photodiode current

signal and a 23-1 pseudo random bit sequence data pattern shows an eye opening of 90% at
3kbit/s.

3.1 Topology of gm-boosted Inv-Cas TIA

The proposed gm-boosted Inv-Cas TIA structure is presented in Fig. 3.2 and its biasing circuit
is shown in Fig. 3.1. It was developed from Inv-Cas TIA with gm-boosting and two additional
DC biasing voltage circuits which extremely increased the open loop transimpedance gain and
reduced the space occupied. Two differential amplifiers with gain “A1” and “A>” are added
around the gate and source of the cascode transistors M2 and M3. Traditional Inv-Cas TIA
relays on a current-feedback resistor Rr to provides the drain feed-back DC-bias at transistors
M1 and M4. Here, two additional biasing circuits supply DC-voltages to M1 and M4
independently. Appropriate DC-voltages are chosen to force M1 and M4 to be in a strong
saturation region. Therefore, the DC-voltages at the drain of M2 and M3 can be relaxed instead
of making it appropriate to bias M1 and M4 in saturation. Also, two capacitors are added to
separate the DC voltages and only allow the AC signal to across. This structure is named quasi-
floating gate (QFG) which allows large signal swings [60], [61]. Thus, the small-signal
feedback current through Rr can be added algebraically to the small-signal input current iin.

10um Zum
303Q<= R 0.18um, 0.18um 0 43“ v
b4
6.19um Vo 2um Viz g 2 6.um | lOum
0.18um 0.77pm o 18ump 0.18u

Fig. 3.1 A biasing circuit of gm-boosted Inv-Cas TIA circuit design.
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13.02um Lo M5 y 1x@
0.18um F—l :“: 4um
2um l_[ 0.26pm
0.18um
M e
£= :“: 10.08pum
viz] 0-18um
Vout
[ 0
M3
I— 4.35um
IL- 0.18um
VDD
M7
2um
M4
0.18um i 4.00um
|
7.955um 0.245um
0.18um —" L
IRV =

Fig. 3.2 Schematic of proposed gm-boosted Inv-Cas TIA.

3.2 Analysis of Mid-band Transimpedance Gain

To analyse the transimpedance gain of the proposed gm-boosted Inv-Cas TIA, the open-loop
AC equivalent circuit of the proposed gm-boosted Inv-Cas TIA is provided in Fig. 3.3 and the
gm-boosters are replaced by triangle symbols. All the DC power supply Vddand DC-bias of gm-
booster are AC grounded. The capacitors act as short. Also, the feedback factor 3 can be written
as 1/ Rr.

B=— (3.01)
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Fig. 3.3 Open-loop AC equivalent circuit for proposed gm-boosted Inv-Cas TIA.
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Two gm booster circuits are replaced by triangle symbols with gain A1 and A to simplify the
circuit. Next, the transistors of bias circuits are diode-connected and transistors M5, M6, M7
and M8 can be simply represented by resistors (1/gm) with the voltage across themselves [58].
Thus, the equivalent small signal of the bias circuits is shown in Fig. 3.4 and the impedances
are given by,

Req_biasl = (302)
gis + g%ns
R, =t (3.03)
eq_bias2 — '
9:17 + T:m

1
M5 —
gm5
1
M6 —
gmG

Fig. 3.4 AC equivalent circuit for bias circuit.

The simplified open-loop AC equivalent circuit for determining the loop-gain and the closed-
loop transimpedance gain is shown in Fig. 3.5. The transistors M1, M2 and M3, M4 are broken

into two cascode structure circuits in parallel. A full derivative of the NMOS transistors part is
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presented below. As these two circuits are the same, the result can be simply applied to the
PMOS transistors part. In addition, the small-signal equivalent circuit of the NMOS cascode
circuit is presented in Fig 3.6. The negative terminal is considered to have no current flowing
from vy at mid-band frequency because the input impedance of the differential amplifier with

gain “A” is very high. The voltage at the gate of transistor M3 is expressed as,

(0-v)A
o (3.04)
=-A,v,
M4
gm6+gm5 gm7+gm8 -
Fig. 3.5 A simplified open-loop AC equivalent circuit.
v

out

+
g3 ¢ (0 _Vy)AZ

Vout
AV, —V,) 0,
b 0, M3 =—/A\2Vy G) —(A +1)V g zGD O mb3Vosa s

+
= v g, e

s @t Zn.

Fig. 3.6 A small-signal equivalent circuit.

Next, the mid-band transimpedance gain can be simply derivatised using a double short-circuit
method to find out the composite trans-conductance Gm and the composite output impedance

Rout. And the gain is given by,
A,=G,R (3.05)

m" ‘out

And the trans-conductance Gm can be expressed by,
G, == (3.06)

As shown in Fig. 3.7, the output is shorted to ground with a capacitor to find out the iou. The
transconductance of transistor M3 can be seen as that gms is boosted to (A2+1)gms and Vgs:
becomes -vy. In fact, the voltage at the gate of transistor M3 is at an AC ground [56]. As a result,
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the transconductance and body-effect trans-conductance current source are replaced by a

resistor 1/gmz and a body-effect resistor 1/gmo3.

+

Vout g3 ®
9, A ég__L__ :
M3 \Short (A, +1)g,; Oimbs

= Vv 9,
i~0 / > 04V, r
v, Al M4 Vin G‘ m4 Vgs4 04

Fig. 3.7 An output short circuit analysis to determine Gnm.

In Fig. 3.8, the equivalent resistors from transistor M3 are merged into one and the Norton
current source of transistor M4 is converted to its Thevenin equivalent circuit. Now, the output

current of the circuit is simply given in equation (3.07).

1 1

|| || r03
(AZ + 1) gm3 gmb3

out

— .

9,

o
3
=
=<
=]
o
B

[ ]
Vin
Fig. 3.8 Conversion from Norton current source into Thevenin equivalent circuit.

H gm Vinro
o =— ] (3.07)
I Il Toa

M, +
(A+1)gm3 gmb3

Simplifying,

i == g m4vin I’04
out 1

r,+ 1
(A+1)95 11 9o | r

04
03

1
OmaVinlos |:(A+1)gm3 *+ Ombs +ri|
- s (3.08)

los |:(A+1)gm3 + Ops +I’1}+1

03

__ gm4vinro4 {[(A+1)gm3 + gmb3] r03 +l}
Foa 1o [(A+1)gm3 + gmbs]rOS * I
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Changing sides and rationalizing,

3.09
_ Ymalos {[(A+1)gm3+gmb3]ro3+l} (309

- Fos + o [(A+1)gm3 + gmbB] Fos T los

To find Row, the cascode input at the gate of M4 is shorted by an AC grounding capacitor. Fig.
3.9 depicts the small-signal model of the circuit after shorting the input. The trans-conductor
current source of M4 is eliminated and only resistor ro4 is left. Now, the small-signal model of
the circuit is the same as a simple common source with source degeneration. In addition,
because of vy = vs3, the trans-conductance and body effect trans-conductance current sources

can merge into one.

VOUt ¢
: —A,V
M3 Y ‘D —(A; + D)V, 9 ImoaVoss = 1,
= v, .
M4

+
94 v —v
i~0 y s
r

9,
Shortf Vi

Fig. 3.9 Input short circuit analysis to determine Rout.

+ Vout

r03
% MW
ALV,
(@Y (A DG+ Gs] %roa ) ~Vy [(A; +1)Grg + Gy ]

Y,

\Y y

_yJ, r04

r04

V,

—i,
r03 X

+
9 — .
| V, =V i, =
— r

Fig. 3.10 Conversion from Norton current source into Thevenin voltage source.
Fig. 3.10 shows the conversion from Norton current source into Thevenin voltage source. The
output impedance Rout can be found by incremental KVL, dividing the total small-signal
voltage from the drain terminal to ground by the small-signal current flowing out the drain
(equation 3.09).

R, =% (3.10)

outl —
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Rout Can be written as,

Vy
v, +V, [(A+1)05 + Goa ] Tos + > Tg

— 04
Routl - v (311)
Yy
r-04
After rationalizing,
Rous =T + 14 [(A+1)gm3 + gmb3] ls T 1 (3.12)

Similarly, the small-signal analysis procedures can be directly applied to the PMOS cascode

structure (M1 and M2). The composite trans-conductance is given by,

__ gmlrol {[(A+l)gm2 + gmbz] r-02 +1}
" r-01 + I’-01 [(A +1)gm2 + gmbz] r-02 + r-02 (313)

Also, the output impedance of transistors M1 and M2 is given by,

Routz = r01 + r01 [(A+1)gm2 + gmb2 ] I"02 + roZ (314)

Finally, the small-signal equivalent circuit of the proposed gm-boosted Inv-Cas TIA is
simplified as shown in Fig. 3.11. The mid-band open-loop transimpedance gain of the small-

signal is given by,

Z e =2 (3.15)

in

Vv,

out

Py Py

Vin
1 1 RF iin VinGml Vi”Gm2 Routl Routz RF
gm6+gm5 gm7 +gm8

Fig. 3.11 Final simplified open-loop AC equivalent circuit.

From the left part of Fig. 3.11, the input voltage vin at the gate is proportional to the total

resistance and the current iin across it, which is given by,

1 1
Vin = Iin ” ” RF) (316)
gm5+gm6 gm7 +gm8
1
Vin = Im 1
Simplifying, (‘3]m5"‘gme'*‘gm7"‘gma‘*‘RiF (3_17)

. 1
:Iin(gm5+gm6 +gm7+gm8+ R )
F
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Changing sides,

i 1
Iin :Vin(gm5+gm6+gm7+gm8+R_) (318)
F

For the right part of Fig. 3.11, the composite trans-conductance current source VinGmi and
VinGm2 can be merged into one by inspection. Then following the same procedure as utilized
for equation (3.15), the output voltage vout IS given by,

Vout = Vin (Gml +Gm2)(Rout1 ” Routz ” RF) (319)

Following equation (3.14), the open-loop transimpedance gain is given by,

Z _ (Gml +Gm2)(Routl ” RoutZ ” RF)

open (320)
P gm5+gm6—I—gm7+gm8+RAF

Where the composite trans-conductance Gmi, Gmz2 and the composite output impedance Routi,

Rout2 are derivatised in previous equations.

In the end, the closed-loop transimpedance gain of the proposed gm-boosted Inv-Cas TIA can
be quantified by [47],

z

_ open

chosed 1 >
1+ A7

open

(Gml + sz)(Routl ” Routz ” RF)

: (3.21)
_ gms"'gme"‘gmf"gms‘i'FTF
1+ 1 G G) (R IRy 1R
RF gms + gm6 + gm? + gm8 +R%
Simplifying and rationalizing,
R.(G.,+G )R R R
dosed = F( ml mz)( outl ” out2 ” F) (322)

RF(ng + gmﬁ + gm7 + gmB) + (Gml +Gm2)(Routl ” R0ut2 ” RF) +1
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3.3 Input Referred Noise Analysis

Considering only thermal noise of resistors and drain-current noise of MOSFET devices, the
input referred noise current spectral density of the gm-boosted Inv-Cas TIA is expressed in Fig.
3.12 using noise inserted circuit diagram [62],[63], where the thermal noise can be expressed
by a current source connected between drain and source for the MOSFET devices operating in
saturation region[47]. Drain current noise power density for MOSFET and thermal current

noise power density for resistor are given by [64],

ﬁ:4Kngm (3.23)
ﬁ=4KT% (3.24)

Where y and a are noise dependant parameters on the channel length of the MOSFET.

Thus, the noise current power spectral density of MOSFETSs and resistor in Fig 3.12 can be
written as,

2 =4KT g (3.25)
o,
i2 —4KT 2 g (3.26)
n,m2 m2 '
aZ
i2 —4kT B3 g (3.27)
n,m3 m3 '
a,
i2 —4KT Lo g (3.28)
n,m4 m4 .
a,
i2 —4kT g (3.29)
n,m5 m5 '
as
i2 —akT Lo g (3.30)
n,m6 m6 .
O
e )53
| n,m7 _4KT gm? (331)
a;
2 —4KkT L2 g (3.32)
n,m8 m8 '
124
i2 —akTZog (3.33)
n,m9 m9 '
2%
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i2n,m10 =4KT & Om10 (3-34)
10
i2 kT (3.35)
n,mll gmll .
11
2 =4KT 2g (3.36)
12
i2 —akT s 3.37
n,m13 gml3 ( . )
13
i2n,m14 =4KT S Omia (3-38)
14
i2n,m15 =4KT & Onis (3-39)
15
i2 —a4KkT s 3.40
n,m16 gmlﬁ ( . )
16
i _akT 3.41
| nmil7 — gml? ( . )
17
i2 KT L8 (3.42)
n,m18 gm18 :
18
o 1
2 =4KT — (3.43)
e RF
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Fig. 3.12 Noise inserted (noise perturbed) circuit diagram of CMOS gm-boosted Inv-Cas TIA.

Next, the noise current arriving at point (a) splits into two equal components 2 | so the
noise current power spectral density due to Rt at the drain of M2 is given by,

=D (3.44)

For common gate devices, the current noise produced by the load at the drain can be referred
to the source directly. But their drain current noise cannot be referred to the source input
directly; it is referred as voltage noise power to the gate node [62]. Since M2 is the common-
gate stage of the cascode, this can be referred to the source of M2 at point (b). And the noise

voltage power spectral density referred to the gate M2 at point (e) is given by,

42



gm-boosted Inverter Cascode Transimpedance Amplifier

2
V2n,in—e = i2n,m2 [ij (345)
Om2

Thus, the input referred noise power current spectral density across M11 can be written as,

12

I n,in-e = Vzn,in—e (272. f )2 (ngll + Cdbll + ng13 + Cdb13)2 (346)

Similarly, the noise voltage power spectral density referred to M12 and M13 at point (f) is

2 2
; 1 ; 1
Vzn inf — I2n m ( } + I2n m [ ] (347)
o 2 gle s gm13

And noise current power spectral density referred to the source of M10 can be found by,

given by,

i’ = Vzn,in-f (2rf )2 (nglo + CdblO + ng12 + Cdb12)2 (3-48)

n,in-f

Hence, the total input referred noise current power spectral density at point (g) is the sum of

the noise current at point (e), (f) and M9,

i2 i2 + i2n,in—f + i2n,in—9 (349)

nin-g — ' njin-e

Accordingly, the total noise voltage and current power spectral density referred to the gate of

M11 at point (b) is given by,

2 2
Vzn,in—b = i2n,in—g {i + L j + i2n,mll (LJ (350)
gmlO gmll gmll

i2 4 +V2, 10 (270 F) (C iy + Cpy + Cop + Co)? (3.51)

n,in-b = gs2

The input referred noise of the bottom half circuit can be found in the same way as mentioned
above. Thus, the total input referred noise voltage and current power spectral density at point

(d) are given by,

2 2 2 2
Vzn,in—d = i2n,m5 (ij + i2n,m6 [i] + i2n,in—b (ij + i2n,ml (i)
gms gme gml gml

(3.52)
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.9 2 2
hind =V njind (27[ f ) (Cgss +Cps + Cgse +Clns

2
+CgsB + CdbS + Cgs? + Cdb7 + Cgsl + ngl + Cgs4 + ng4)

(3.53)

3.4 Simulation Results

Fig. 3.13 shows the transient sinusoidal response of proposed gm-boosted Inv-Cas TIA for a
nominal 5 kHz input signal. As shown in this figure, the peak-to-peak output voltage swing is
around 28mV for a test input current of 1nA.

Transient Simulation
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Fig. 3.13 A transient analyses simulation of gm-boosted Inv-Cas TIA.

Fig. 3.14 shows that transimpedance gain of gm-boosted Inv-Cas TIA with the transimpedance
gain is around 145.8 dB and the -3 dB bandwidth is 5.31 kHz.

160 TRANSIMPEDANCE GAIN VS. FREQ

N
o

145.8dB
5.31kHz

N
=}

100

80

60 [

40

Transimpedance Gain(dB)

20

10° 102 10* 10° 108 1010 102
Freq(Hz)

Fig. 3.14 AC analysis simulation of gm-boosted Inv-Cas TIA.
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Fig. 3.15 indicates the input referred noise current spectral density of gm-boosted Inv-Cas TIA
and the average output noise current spectral density is 4.23pA/sqrt(Hz) within the TIA
bandwidth.

INPUT REFERRED NOISE CURRENT V5. FRE(Q)

Input Referred Noise Current (pA/sqrt(Hz))

20F

15F

10}
<l 4.23 pAlsqrt (Hz)

(1] = 1 1 I I
1" 1 1ot 1P 10

Freg(Hz)

Fig. 3.15 Input referred noise current spectral density of gm-boosted Inv-Cas TIA.

Fig. 3.16 shows the Eye diagram simulation using a -133dBm input current signal and a 23!-1
pseudo random bit sequence (PRBS) data pattern. The result displays an eye opening of 90%
at 3 kbit/s.

Fig. 3.16 Eye diagrams of gm-boosted Inv-Cas TIA.

45



gm-boosted Inverter Cascode Transimpedance Amplifier

3.5 Layout

The layout design of the proposed gm-boosted Inv-Cas TIA is presented in Fig. 3.17 which
occupies 23.5 x 30.7 um? of silicon area.

| FRFEFERRE)

i

FRFFRRERR R R

g

=0

Fig. 3.17 Layout of gm-boosted Inv-Cas TIA.
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Chapter 4 gm-boosted Folded Regulated Inverter Cascode

Transimpedance Amplifier

This chapter discusses a novel gm-boosted folded regulated inverter cascode TIA (gm-boosted
RIC TIA) using quasi-floating gate (QFG) design. Theoretical analysis such as its gain and
noise analysis are developed. And the simulation analysis shows the transimpedance gain is
145.5 dB with a -3 dB bandwidth of 5.4 kHz. The input referred noise current spectral density
is below 8 pA/sqrt (Hz). Eye diagram simulation using -123dBm input photodiode current
signal and a 2*!-1 pseudo random bit sequence data pattern shows an eye opening of 95% at 3
kbit/s.

4.1 Topology of gm-boosted RIC TIA

The schematic diagram and biasing circuit of the proposed gm-boosted RIC TIA using QFG are
shown in Fig. 4.2 and Fig. 4.1, respectively. Compared with gm-boosted Inv-Cas TIA, the
proposed gm-boosted RIC TIA is the regulation of M2, M3 and M6, M7. Consequently, the
transconductance of these transistors is increased by the gain of gm-boosters “Al”, “A2”, “A5”
and “A6”. Additionally, two differential amplifiers with gain “A3” and “A4” are added to boost

the transconductance of gm-boosters “A5” and “A6” respectively.

2um TTum L 2um
0.18um O.lBum V 0. 18u 1 63u
4.29um " 2um 9.28um! Vs 3um
0.18um 0.6um 0.18um, 0.18p
VDD
R .
10pm 10um
303Q= R | 018um v 30302 v 0-18um Y
5.8um ! 2um * 6.um " 2um K
0.18um 1.5um 0.18um 0.77um
Voo
2um 2um
0.43um 0.18um
b9 VblO
10pm 6pum
0.18um 0.18um

Fig. 4.1 Biasing circuit of gm-boosted RIC TIA.

47



gm-boosted Folded Regulated Inverter Cascode Transimpedance Amplifier
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Voo M8 9p_m I:’_Vbs
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Fig. 4.2 Schematic of proposed gm-boosted RIC TIA.
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4.2 Analysis of Mid-band Transimpedance Gain

The open-loop mid-band gain gm-boosted RIC TIA can be derived from Fig. 4.3 which shows
the open-loop small-signal circuit with bias voltage and power supply at AC ground. Four
differential amplifiers are replaced by triangle symbols “A:”, “A2”, “A3” and “As”.
Furthermore, the capacitances act as a short circuit for mid-band transimpedance behaviour.
And the feedback factor f is given by,

(4.01)

<
©

Z
e
LI L
&
&

-

i

—W— W
N;U H;U
1|
1|
o

Z
N
I

h_‘ M6 M7
L M15
= —— ms
M16

Fig. 4.3 Open-loop AC equivalent circuit of gm-boosted RIC TIA.
Similarly, the small-signal analysis can be simplified by using the double short-circuit method
to find out the composite transconductance Gm of the gm-boosted NMOS telescopic cascode
[48]. Firstly, the output of gm-boosted NMOS telescopic cascode with gate g12 at a small signal
voltage of —A,v, is AC shorted as shown in Fig. 4.4 and Rz is shorted as well. In addition, the
current flows into the negative terminal of a differential amplifier with gain “A4” are almost
negligible because the input impedance of it is very high [57]. From the previous small-signal

analysis of gm-boosted Inv-Cas TIA, the transconductance Gm of gm-boosted NMOS telescopic

cascode can be written directly as,
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G —_ Omiifons {[(A4 +1) 0, + gmblz] Fo12 +1} (4.02)

Four T Fows [(A4 +1) Omiz T Y12 ] o2 T oz

+ Short

O ® v
-A,Vv out
oy GD(_AAV)/ _Vy)gmlz ‘ngblz\/bﬂ% r012 l RZ
Oute V, —
v -

GD Vin gmll roll

L}

Fig. 4.4 Output short circuit analysis for gm-boosted NMOS telescopic cascode.

To determine the Rouw, Fig. 4.5 shows the AC equivalent circuit for gm-boosted NMOS

telescopic casecode with input AC ground shorted [57].

R
v R, O, e "
out
-A,v
M12 912 @ oy VD -V [(A+l)gm12 + gmblz] To12 R,
v — g, t Vin Vy
’ Ou “i~o0
M11 m p— § o =
Short

Fig. 4.5 Input short circuit analysis for gm-boosted NMOS telescopic cascode.

From it, the value of output impedance Rout can be found as Rout 1 and Rz in parallel

Rout = Rout1 II Ry (4.03)

outl

Following the same procedure for equation (3.11), the output impedance Rout1 iS given by,
Routl = {roll o [(A4 +1)gm12 + gmblz] lo12 rolZ} Il Rz (4-04)

Then, the mid-band voltage gain Av: is determined by the product of equation (4.02) and

(4.04) as,

Vou = Vin G R

in~ml" ‘outl

(4.05)
After rationalizing,
A,=G R, (4.06)

vl ~ml
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Fig. 4.6 shows a gm-boosted PMOS telescopic cascode structure, which is a reversal of the
NMOS telescopic cascode in Fig. 3.5. Here, follow the same rule and in similarity with

equations (4.02) and (4.04), the transconductance Gm, and impedance Rout2 are given by,

_ gm9ro9 {[(AS +1)gm10 + gmblo] r010 +l}

m = (4.07)

’ r09 + r09 [(A3 +l)gm10 + gmblo] rolO + IFolO
Routz = {r09 + r09 [(AS +1)gm10 + gmblo] r-010 + r.010} ” Rlo (408)
AVZ = GmZ RoutZ (409)

Fig. 4.6 AC equivalent circuit for gm-boosted PMOS telescopic cascode.

Next, the whole structure of the gm-boosted amplifier with gain “As” and “As” in Fig. 4.2 can
be seen as two differential amplifiers with mid-band gain “Ay2” and “Av1” respectively. To
simplify the circuits, they are replaced by triangle symbols. Thus, the simplified left part of the
proposed gm-boosted RIC TIA can be illustrated in Fig. 4.7. Fig. 4.7 (a) shows the gm-boosted
PMOS cascode structure and its transconductance Gms and output impedance Routz are given

by,

__ gmlrol {[(Av2 +:L)gm2 + gme]r02 +1} (4 10)

o1 T 1ot [(sz +1) 0y + Goe ] I + 1

m3

Rout3 = rol + rol [(sz +1)gm2 + gmbz] r02 + r02 (411)
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Fig. 4.7 Simplified AC equivalent circuit for left parts of gm-boosted RIC TIA, (a) gm-boosted PMOS
cascode, (b) gm-boosted NMOS cascode.

Fig. 4.7 (b) shows the gm-boosted NMOS cascode structure and its transconductance Gms and

output impedance Routs are given by,

__ gm5r05 {[(Avl +1)gm6 + gmbG] r06 +l}
™ IFOS + r05 [(Avl +1)gm6 + gmb6] IFoG + ro6

(4.12)

Rout4 = r05 + r05 [(Avl +1)gm6 + gmbﬁ] r06 + r06 (413)

As discussed in equations (3.02) and (3.03), the equivalent small-signal circuit of the bias

circuit is shown in Fig. 3.8. And similarly, the impedances of bias circuits are given by,

1

Req_biasl = ﬁ (414)
- + -
g mi3 g ml4
1
Req_biasz = ﬁ (415)
- _I_ P
gmls gmlG

Fig. 4.8 Small signal for bias circuit.
Then, the input signal circuit of the proposed gm-boosted RIC TIA is simplified in Fig. 4.9 and

the input voltage can be written as,
Vin = iin(Req_biasl ” Req_biasZ ” RF) (416)
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R R

eg_biasl eq_bias2. RF Iin

Fig. 4.9 Simplified input circuits.
Next, put the transconductance Gms, Gms and output impedance Rout3, Rout4 back to the whole

small-signal equivalent circuit of proposed gm-boosted RIC TIA as shown in Fig. 4.10.

HET: S

Fig. 4.10 Reduced form of the small-signal equivalent circuits for proposed gm-boosted RIC TIA.

Since a dependent current source due to a voltage across itself can be replaced by a simple
resistor [56]-[58], the left part in Fig. 4.10 is represented by equivalent composite transistors

with transconductance Gms, Gma and output impedance (R [, )and (R, || T,;) as shown

in Fig. 4.11.
r-—— =77 |
V. = Ivino & 2 I
—| C:: @Gmg %ROUB ?nﬂll M3:| @ —
. —
L - - o
TVI._____T__.__:
V.
Lo s S < | T
= | I S | = | -
I -

Fig. 4.11 Highly simplified small-signal equivalent circuits for proposed gm-boosted RIC TIA.
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Fig. 4.12 shows the equivalent circuit of gm-boosted NMOS and PMOS cascode structure using

a composite transistor model with transconductance Gms, Gms and output impedance

(Roug I, )and (R, IIT,) respectively, so that, following the same approach as equation

(4.02) and (4.04), the transconductance and output impedance are given by,

ml(Rout:L” 4){[(A +1)9m3+gmb3]r +l}

ms =~ (4.17)
(Routlll 4)+(Routl|| 4)[(A +l)gm3+gmb3]r +r
Rout5 (Routl ” 4)+(Routl ” ro4)[(A +1)gm3 + gmbS] ls + r (418)
_ G (R IIT, 3){[(A +1g,, + gmb7]ro7 +1} (4.19)
" (RoutZ ” 8)+(Rout2 ” 8)[(A +1)gm7+gmb7]ro7+ro7
out6 (Routz ” 8) + (Routz ” 8)[(A +1)gm7 + gmb?]r 7 + r07 (420)
sz (ROUIZ ” roG) I_Vin
- ) ey
l(Routl ” r04 ‘_Vin M7
Vout
= (@ (b) =

Fig. 4.12 Simplified small-signal model of gm-boosted (a) NMOS and (b) PMOS cascode structure.

Here, the final reduced form of proposed gm-boosted TIC TIA is presented in Fig. 4.13. And

the output voltage is given by,

Vout = _Vin (Gms +Gm6)(Rout5 ” Rout6 ” RF) (421)
o Ve Ve
T | | |
Vin : Vm Gm5 RoutS RF Vme6 RoutG : :> i (Gms i Gms )Vm :
| | |
J__ : — : : JT_ RoutS ” Routﬁ ” R :
- L ___ - [ L )
Fig. 4.13 Final reduced form of proposed gm-boosted RIC TIA.
The open-loop gain of the proposed gm-boosted RIC TIA is given by,
Vv
z = (4.22)

open

54



gm-boosted Folded Regulated Inverter Cascode Transimpedance Amplifier

From equation (4.16) and (4.21), the open-loop is now given by,

7 _ _Vin (Gms +Gm6)(Rout5 ” Routﬁ ” RF) (423)

open vV

in

(Req_biasl ” Req_biasZ ” RF)

After simplifying,

7 (Gis +Gig) (Ros [| R 11 Re) (4.24)

open
Req_biasl ” Req_biasZ ” RF

Where the composite trans-conductance Gms, Gmes, the composite output impedance Rous,

Rout6 and equivalent resistor Req biast and Req bias2 are derivatised in previous equations.

Finally, the feedback factor B is discussed in equation (4.01) and then the closed-loop
transimpedance gain of the proposed gm-boosted RIC TIA can be quantified by,

Z

open

Z, =
closed 1+ﬂz

open

(GmS +Gm6)(Rout5 ” Rout6 ” RF)
_ Req_biasl ” Req_biasz ” RF (425)
1+i (Gm5 +Gm6)(Rout5 ” Route ” RF)
RF Req_biasl ” Req_biasz ” RF
RF (GmS +Gm6)(Rout5 ” RoutG ” RF)

- RF(RoutS ” F\)out6 ” RF)+(Gm5 +Gm6)(Rout5 ” Rout6 ” RF)

4.3 Input Referred Noise Analysis

In this analysis, thermal noise is the only consideration, and shot noise as well as flicker noise
is ignored. Fig. 4.14 shows the noise inserted (noise perturbed) circuit diagram for the proposed
gm-boosted RIC TIA [62], [63]. Following the same principle in equation (3.23) and (3.24), the

noise current power density of MOSFETS and resistors in Fig. 4.24 is given by,

2 =4KT ZLg (4.26)
al

2 =4KkTl2g (4.27)
, o

2 =aKT g (4.28)
, o

i, =4KT g (4.29)
@,
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2 =aKTL5g

n,m5
a5
i2n,m6 = 4KT & gm6
Qg

i2 —akT g

n,m7
o,

2 = 4KT 229

n,m8
g

. i
I2n,m9 = 4KT = gm9

Ay

i2n,m10 =4KT vl Omio

10

i =4KT I

nmil gmll
11

i2n,mlz =4KT 1o Oz

12

i2n,m13 = 4KT & gm13

13

i2n,m14 =4KT D Om1a

14

2 . =4KT 18

n,mi5 g m15
15

+2
|

—4kT LB g

16

n,m16

i = 4KT 2 g

nmi7
ay;

i2n,m18 = 4KT & gmlS

18

i2n,m18 =4KT 1o Omio

19

i2n,m18 =4KT Lo GOm0

20
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i2n,m18 =4KT @ Om (4-46)
21
2 Y2
I mis = 4KT —== Oz (4-47)
22
i2 —4kT = 4.48
I nmig8 — gm23 ( . )
23
i, = 4KT 228 (4.49)
n,m18 gm24 '
24
7 g = 4KT 72 (4.50)
n,m18 gm25 '
25
2, e = 4KT 222 (4.51)
n,m18 gm26 '
26
i2 —4KT L2 (4.52)
n,mi8 gm27 '
27
i2 —aKT /2 g (4.53)
n,m18 m28 '
28
2, s = 4KT 22.g (4.54)
n,m18 m29 '
29
%) g = 4KT 72 g (4.55)
n,m18 m30 '
30
i, = 4KT 2L 4.56
| nmi8 — gm31 ( . )
31
i2 —4KkT L2 g (4.57)
n,mi8 m32 .
32
2 = AKT 22 (4.58)
n,m18 gm33 .
33
2 —akT L (4.59)
n,m18 gm34 '
34
2, e = 4KT 22 4.60
I nmig8 — gm35 ( . )
35
i2 a4kt L (4.61)
n,m18 gm36 '
36
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P _aKkT - (4.62)
[ = RF
. 1
i, =4KT = (4.63)
R
T 1
i%,, =4KT = (4.64)

M5

G

Fig. 4.14 Noise inserted (noise perturbed) circuit diagram of proposed gm-boosted RIC TIA.
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:2
Inr
TE

Next, the noise current arriving at point (a) splits into two equal components , SO the
noise current power spectral density due to Rt at drain of M2 is given by,
—\ 2
i° i2
n,re n,r,
=M 4.65
2 4 (4.65)

Next the noise voltage power spectral density referred to the gate of M3 at point (a) is given
by,

— _nina (4.66)
g

And the input referred noise current power spectral density across M29 can be written as,

+2

- ) 2
I n,in-a = Vzn,in—a (Zﬂ-f ) (Cgss + ng3 +ng27 + Cd527 + ng29 +Cd529) (467)

The input referred noise voltage power spectral density at point (b) is the sum of noise voltage

power spectral density of M27 and M28 which is,

2 2
| |
2 n,m27 n,m28
Vinins = t—— (4.68)
Omo7 Omos

Thus, the current power spectral density referred to the source of M30 at point (b) is given

by,

- W 2 2
'2 V2n,in—b (Z”f ) (ngzs + Cdb28 + ng30 + CdeO) (4-69)

n,in-b =

The input referred noise current pwoer spectral density at point (c) is the sum of the current
power spectral density referred to the drain of M31 which is given by,

=2 =2 =2 =2
I n,in-c =1 n,in-a +1 n,in-b +1 (470)

n,m31

From inspection, at point (d), the input noise voltage power spectral density can be written as,

2 :2 1 i2n,m29
v n,in-d =1 n,in-c 2 + 2 (471)
(gng +gm30) Imze

And the input referred noise current power spectral density at point (d) is given by,

:2

|
120 =Veoina (27 ) (Cyo + Cg +C +CM+CW+CMY+VMK%Z” 4.72)

gs3 gs4
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Similar to equation (4.71) and (4.72), the input referred noise voltage power and current power

spectral density referred to the gate of M10 at point (k) are given by,

i2
|

Vzn,in—k = n’mlg (473)
gmlO
- 2 2
I2n,in-k = V2n,in-k (Zﬂf ) (nglo + Cdblo + ng21 + Cdb21 + ng19 + Cdblg) (474)

Next, the total noise voltage and current power spectral density referred to the gate of M20 and

M21 at point (j) is given by,

i2 i?
V2nYin_j — n,m221 + n,m2;) (475)
Oma Om2o
i2 =v2 (272 Y(Copy+Cog +Coo +Coira ) (4.76)
M hing =V n,in—j( 12 ) ( gd1s T Canis T Cga0 T db20) :

The total input referred noise current power spectral density at point (1) is the sum of the noise

current power spectral density referred from point (k), (j) and transistor M17,

:2 2 2 2
I nin-l I n,in-k +1 n,in-j +1 n,mi7 (477)

Hence, the noise voltage power spectral density referred to the gate of M19 at point (h) is given

by,

1 i’
2 inh = oninn X R— (4.78)
(gm18+gml9) Imio

At point (i), the noise voltage power spectral density referred to the gate of M2, the drain of

M9 and resistor Ry is given by,

:2
I —
2 ,m2 £2 2
v n,in-i = nmz +1 n,leRl (479)
m2

Accordingly, the input referred noise current power spectral density at point (i) is given by,

: 1 2 2
i i =V {? +(27f) (nglo +Cypo +Cyap + Cdbz) } (4.80)

Therefore, the total input referred noise current power spectral density at point (h) can be
written as,

n,in-h n,in-i

1 =Vomn (27 )2 (Cgjslo +Che0 + Cyio + Cape )2 +i? (4.81)
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Next, the noise voltage and current power spectral density referred to the gate of M9 at point
(e) is given by

i2 i2
Viine = —r +—0 (4.82)
gm9 gm9
izn,in—e = Vzn,in-e (Z”f )2 (ngl +C +Cysr + Cir )2 + i2n,in—d (4.83)

For the bottom half circuit, the input referred noise current power spectral density can be
derived by the same procedures. And accumulating all the noise voltage power spectral
densities at the input point (f),

2 2 2 2 2 2 2 2 2

n,in-e +V n,in-¢' +V n,ml +V n,m5 +V n,m13 +V n,m14 +V n,m15 +V n,m16

i° e Com Coms Comis Vomga Vomss oo (4.84)
— + n,|n-e+ n,m + n,m5+ n,m3+ nm + n,m5+ n,m16

2 2 2 2 2 2 2 2
gm13 gm14 gm15 gmlG

gml gm5 gml gm5
Finally, the total input referred noise current power spectral density is given by,

+i%,, (4.85)

F

Cyts + Capts +Cote +Cats +Cogs +Ces ) | 5—
i2n inf — Vzn in-f i2 + (27Z'f )2 [ e a0 gate db16 gds gs5 J
i ’ R

+ng13 + Cdb13 + ng14 + Cdb14 + ngl + Cgsl

4.4 Simulation Results

Fig. 4.15 shows the transient sinusoidal response of proposed gm-boosted RIC TIA for a
nominal 5 kHz input signal. As shown in this figure, the peak-to-peak output voltage swing is

around 75mV for a test input current of 1nA.

Transient Simulation

| || |
ggc-||||I|||||||||||I||||_
||I||||||I| | |

-
|||||||||||||||||||||I|||||||
ssofrl | 1| || || |} L !

"ot |

Output Voltage (mV)
Input Current (nA)

0 0.001 0.002 0.003 0.004 0.005 0006 0.007 0.008 0.009 0.01
Time (s)

Fig. 4.15 Transient analysis simulation of gm-boosted RIC TIA.
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Fig. 4.16 shows that transimpedance gain of gm-boosted RIC TIA with the magnitude of the
transimpedance gain at around 73.71dB and its -3 dB bandwidth at 5.4 kHz

160 TRANSIMPEDANCE GAIN VS. FREQ

140 1455dB ]

5.4kHz
120 | i

100 | b
80 [ 1
60 [ 1

40 1

Transimpedance Gain(dB)

20 - 1

O |- -
10° 102 10* 108 108 100
Freq(Hz)

Fig. 4.16 AC analysis simulation of transimpedance gain for gm-boosted RIC TIA.

Fig. 4.17 displays the input referred noise current spectral density function of gm-boosted RIC
TIA and the average is around 7.81 pA/sqrt (Hz) within the TIA bandwidth.

60 INPUT REFERRED NOISE CURRENT VS. FREQ

50

40 |

30 [

10 7.81 pA/sart (Hz)

Input Referred Noise Current (pA/sqrt(Hz))

0 | | | |
10° 102 10* 108 108
Freq(Hz)

Fig. 4.17 Input referred noise current of gm-boosted RIC TIA simulation result.
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Fig. 4.19 Layout of gm-boosted RIC TIA.
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Chapter 5 gm-boosted Doubly Folded Push-pull Transimpedance
Amplifier

This chapter presents a novel gm-boosted doubly folded push-pull TIA (gm-boosted doubly
folded push-pull TIA) design. Theoretical foundations by way of gain and noise analysis are
developed. The simulation results for the proposed TIA indicated a -3 dB bandwidth of 218
kHz with a transimpedance gain of 218 dB ohms. The input referred noise current spectral
density is below 160 pA/sqgrt (Hz). Eye diagram simulation using -229 dBm input photodiode

current signal and a 2*!-1 pseudo random bit sequence data pattern shows an eye opening of
90% at 100 kbit/s.

5.1 Topology of gm-boosted Doubly Folded Push-pull TIA

To provide sufficient gain and wider bandwidth, a multiple-stage gm-boosted doubly folded
push-pull TIA is introduced in this chapter. The topology of the proposed gm-boosted doubly
folded push-pull TIA is shown in Fig. 5.2 and the details of gm-boosting designs included in it
are presented in Fig. 5.1. It consists of three stages: (1) a novel single-ended input to differential
output conversion stage (also converts a current signal to voltage), (2) a gm-boosted fully
differential folded-cascode voltage amplifier stage, (3) a differential input to the single-ended
output conversion stage. The first stage converts single-ended current input to differential
voltage outputs and then the signals are amplified through a gm-boosted fully differential
folded-cascode amplifier with a very high gain. In the next stage, the signal comes through
another folded-cascode amplifier and converts the differential signal to a single-ended signal

by a push-pull structure.

3.18um 3.18um
0.35pm 0.35um,

Fig. 5.1 gm-boosting design for proposed gm-boosted doubly folded push-pull TIA.
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Fig. 5.2 Schematic of proposed gm-boosted doubly folded push-pull TIA.
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5.2 Analysis of Mid-band Transimpedance Gain

In this section, an analysis of the transimpedance gain of each stage is provided in detail and

the overall gain is given by the product of the gain from individual stages.
5.2.1 Single-to-differential Converter (Current-to-voltage Converter)

The mid-band transimpedance gain of the single-to-differential converter can be derived from
the AC equivalent circuit in Fig. 5.3 (a) where the power supply is shorted to ground for mid-
band transimpedance behaviour and the direction of current flow is given by red arrows. Since
the voltage at the drain of M5 does not change, it is actually a virtual ground for fully matched
circuits [56]. Therefore, the AC equivalent circuit of the single-to-differential converter is
separated into two halves in Fig. 5.3 (b) and (c), and the voltage at point O1 and O> have the

same magnitude but opposite sign.

Fig. 5.3 (2) AC equivalent circuit of single-to-differential converter, (b), (¢) AC equivalent half-
circuits.

Take Fig. 5.3 (b) for example, the output of the left half circuit of the single-to-differential
converter is AC shorted to ground to find out the transconductance Gm in Fig. 5.4. Transistor
M3 presents a PMOS diode load that is connected to low-supply rail (ground). Thus, the body
effect transconductance current source becomes independent which can be neglected and the
transconductance current source can be replaced by a simple resistor with conductance gm [58].
Next, finding the Thevenin equivalent circuit by inspection and the transconductance Gnm is
given by,
I

ou m Vin
G, =-t = It g (5.0

n in
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1 Lot
= linglin, (Y

m3

g mlvin

ﬁD gm3vgs3
GD gmlvin

Fig. 5.4 Shorting the output of left half circuit of the single-to-differential converter to find the
transconductance Gn.

The output impedance Rout can be determined by shoring the input to ground as shown in Fig.

5.5 (a). The body effect current source is 3V and the voltage Vi3 can be expressed by,

Viss = Vs — Va3

(5.02)
=0- Vs = Vg3
Rout g+’ 5 I:eout RO“‘
s 1
M3 g_Gngb?’ (_V53) r03 GD gmbgvsg gms ” r03
. s ) —

IC 3
Short rol f ol
= S - (@) = (b)

Fig. 5.5 (a)Shorting the input of left half circuit of single-to-differential converter to find the output
impedance Rout, (b) simplified small signal equivalent circuit, (c) finding the Thevenin equivalent
circuit.

Fig. 5.5 (b) shows the simplified small-signal equivalent circuit which merged the parallel

. 1 - o
resistor —and l;. Then, the circuit can be converted from the merged Norton circuit into

m3

Thevenin’s form as shown in Fig. 5.5 (c). Assuming the current flow into from the source of

M3 at point (s3) is i, the voltage at the point (s3) is given by,

Vss ZiX;l_gmmvﬁ ;1 +ixrol (503)
Qs+~ P
03 03
L 1 . 1
Changing sides, Vig + GnaVlss | ———7 | =% T+ (5.04)
Oms +—— Oms +——
03 I’-03
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Rationalizing, and the current i is given by,

1
V53 [l+ gmb3 g +1]
M (5.05)

r01+71
gm3+E

Hence, the output impedance Royt is given by,

R —Vs

out H
|
1

1
gm3+g

r

Ol+

(5.06)

l+ gmb3

41

m3 I3

From the previous calculation, the small-signal circuits in Fig. 5.3 (b) can be represented by an

equivalent composite transistor with transconductance Gm and output impedance Royt as shown

in Fig. 5.6 (a) and (b). The voltage gain Avglsa in Fig. 5.6 (b) is given by,

'A‘vgls3 = Gm (Rl ” Rout) (507)

Rl
S
» D)
S
— 1

N (2) - O

| %; - SIL —
iin RZ vags Rout
S

— G

Fig. 5.6 (a) Highly simplified small-signal equivalent circuit for single-to-differential converter, (b)
Simplified AC equivalent circuits from (a), (c) Using Miller’s theorem to find the equivalent circuit.

According to Miller’s Theorem, resistor R2 can be replaced by two resistors Rain and Roout that
connect the corresponding nodes to ground as shown in Fig. 5.6 (c). Hence, the resistors Rain
and Roout is easy to find by,

1+ A

V0383

_ 2
1+Gm (Rl ” Rout)
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R
R20ut = 21 (509)

Y6, (R IRy

Next, decompose the equivalent composite transistor by the original transistors M1 and M3 as

shown in Fig. 5.7 (a), (b). Fig. 5.7 (c) shows the AC equivalent circuit and small-signal
equivalent circuit to find out the output impedance at the drain of transistor M3. Fig. 5.7 (d)
and (e) are the conversation from Norton equivalent circuit to Thevenin equivalent circuit by

inspection. Thus, from Fig. 5.7 (e), the current flows through the circuit is given by,

V.
= (5.10)

B Rl ” RZout

(b)

Rl ” RZout Rl ” RZout
A 15 1
i I/]\ (_gmb3V33)_” o3
g gmb3vb53 o 1 gm3
— ” Ios
]' m3
K R ’&Rout'
© (e)

Fig. 5.7 (a) decomposing the composite transistor back to original transistors, (b) taking only the top
circuit, (c) small-signal equivalent circuit of (b), (d) simplified small-signal equivalent circuit
from(c), (e) finding the Thevenin equivalent circuit.

Also, the value of the voltage source in the Thevenin equivalent circuit from Fig. 5.7 (e) can

be written as,

1
V=—0pVes (m} (5.11)
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The total voltage at the drain of transistor M3 is the sum of the voltage across the resistors and

voltage source, which is given by,

Vo =]

out'
4+ 1

m3 ' 1y

* OmpsVss ( ] Vg (5.12)

1
gm3+a

Hence, the output impedance is easy to find by,

i ! +0,.5V. Lt +V,
mb3 “'s3 s3
gm3+é gm3+?l3

Vo ! + 0,3V, . +V,
1 mb3 "s3 1 s3
_ R1||R20ut gm3+a gm3+a

VS3

Rl | | R20ut

1 1 1
X Tt Q| +1
_ Rl” RZout gm3+a gm3+§

B
R IR

2out

1 R
+%MBQL££+&HRMt (5.13)

B gm3 + ?13 gm3 + é
Next, the AC equivalent circuit of half single-to-differential converter is simplified in Fig. 5.8.

By inspection, the input voltage at the gate of transistor M1 is given by,

Vi =Ry (5.14)

Fig. 5.8 Final simplified form of the half circuit of single-to-differential converter.

Next, the drain voltage at the common gate stage is given by,
Vor =~V Rout' (5.15)

After rationalizing,

\"
= :_gmlRout' (516)
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So that, the voltage at 01 is given by,

Vol = _gmliin R2in Rout' (5-17)
Using equation (5.08) and (5.13),
g i R, 1 R 11 Ry
Vol __gmllin 1+ 1 gm3 +é + gmbs gm3 +r:3t + R1 ” Rzout (518)
Gpy (R I Ro)

Hence, the voltage at O, is given by,

V02 = Vol = gmllinR R

2in " tout'

R 1 Il Ryoy
: 7 1 O3 R1—+21t+ Rl RZoutJ (5.19)

= gmliin 1
I+—
Gm (Ri ” Rout)

Finally, the total transimpedance gain of the single-to-differential converter is given by,

s Tos m3 " g

V.-V
Oli 2= _nglRZin Rout'

A, =

in

R 1 R (5.20)
=_ngl 21 +gmb3 Ri” 21l1t +R1|| RZout]

1+— gms-l_fl3 gm3+
G, (RIIRy)

Tos

5.2.2 Middle Stage

The middle stage is a gm-boosted fully differential folded-cascode voltage amplifier which
provides high voltage gain. Fig. 5.10 shows the AC equivalent circuit of the middle stage that
shorts the power supply and bias voltage to AC ground. The gm-boosted amplifier structures
are represented by triangle symbols “A1”and “A>”. The output voltage of the proposed middle
stage can be derived from the half circuit first which is shown in Fig. 5.10 (b). And the input

voltage from the previous stage is given by,

v = Jor " Vo2 (5.21)
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M1l M12 b

M13 M14_]

00, 0,0
o ST =h
—

Fig. 5.9 (a) AC equivalent circuit of the middle stage, (b) AC half circuit.

Next, the output impedance of the PMOS current source load structure can be derived from Fig.

5.10 (a) and the value is given by,

R

out2

r09 10 + r011 12 09 10 [gmll 12 (A +1) + gmbll 12:| 011,12 (522)

m3 ! out3

_E| M15

(b)

Fig. 5.10 (a) AC equivalent circuit of PMOS current source load, (b) AC equivalent circuit of NMOS
telescopic folded cascode.

Similarly, the transconductance Gmz of the bottom half, NMOS telescopic folded cascode of

Fig. 5.9 (b) can be derived from Fig. 5.10 (b) which is given by,

gm78 (r078 ” r015 16)':{(A +1) gm13 14 + gmblS 14} r013,14 +1i|

5.23
To13.14 [(A +1) Oz + gmb1314i|( 015,16 T 78)+ To13,14 +(r015,16 I r07,8) ( )

m3
And, the output impedance Routs is given by,
RoutB = r013,14 |:(A2 +1) gm13,14 + gmb13,14](r015,16 ” r07,8 ) + r013,14 +(r015,16 ” r07,8) (524)

Hence, the voltage gain A is given below,

V.-V
Av2 = ﬁ = _Gm3 ( Rout3 ” RoutZ) (525)
ol 02
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5.2.3 Final Stage

The third stage is to amplify the signal further and converts the differential signal to a single
output. Fig. 5.11 (a) depicts the equivalent form of the third stage. By inspection, the left half
circuit is similar to the second stage in Fig. 5.11 (b). Therefore, the transconductance Gms and

output impedance Rout telescopic folded cascode as shown in Fig. 5.11 (c) are given by,

Ormis 19 (r018,19 Il o200 ) [( G20z T gmb22,23) T022,23 +1J

G, =
ma
(gmzz,zs - gmb22,23) Mo22,23 (r018,19 1 roZO,Zl) Mo22,23 (r018,19 I r020,21)

(5.26)

Rout4 = (gm22,23 + gmb22,23 ) r022,23 (r018,19 ” r-020,21 ) + r.022,23 + (r018,19 ” r.020,21) (527)

T =

e e e

|—4|: M2 M23_|p4— ;_le o vez

Vog

1 M18
Yo mismio_ v, ' || Yoo =
) M8 M2
\'A =3
mi7 [ M24 | M2s |—| 9 A
- A A A (c)
= It It I—{ M26
|—| M26  M27 |J =
L (a) (b)

Fig. 5.11 (a) AC equivalent circuit of third stage of proposed gm-boosted doubly folded push-pull
TIA, (b) half circuit of third stage, (c) AC equivalent circuit of telescopic folded cascode.

Next, the right half circuit is a little different from the left half, but it can be seen as a telescopic
folded cascode structure with a diode load in Fig. 5.12. Thus, the transconductance Gms and
output impedance Routs at the drain of transistor M28 is the same as they are on the left side,

which are given below,

Oimis10 ( N0 1l Toz021 ) l:( 922,23 T Gimboz 23 ) To2223 T 1i|

G
(gm22,23 + gmb22,23) T02223 (r018,19 I r020,21) Tl t (r018,19 I r020,21)

=G

m5 m4 — (528)

RoutS = Rout4 = (gm22,23 + gmb22,23) r.022,23 (r018,19 ” r.020,21) + r022,23 + (r018,19 ” r-020,21) (529)
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_£<1 M23 M19 |—V°5;V°6 L{ M28

~ AN
M28 GmS' RoutS — Gm6' RoutG

@) (b)

Fig. 5.12 (a) AC equivalent circuit of PMOS telescopic cascode with diode load of right half, (b)
small-signal mid-band equivalent circuit of (a).

Firstly, short the input terminal to AC ground as shown in Fig. 5.13(b) to find out the
transconductance Gms and output impedance Routs Seen from transistor M28 (the small-signal
mid-band circuit in Fig. 5.13(a)). Here, the circuit is simplified in Fig. 5.13 (c) because NMOS
diode load is connected to AC ground and there is no dependent current source due to body-

effect and the current source .,55V05 is @ dependent current source due to itself, so it can be

1
replaced by a resistor —— [58].

m28
= = =
@Gmw %Rm ADGmsw éRw @Gmw %Rm
1 1
OmogVs2s GD Gngbstbszs é fe o I rozg§ Gy Oimb2sVbs2s ? [l oo i
S g m28 S _L S g m28 OUt_-SC)
@) = (b) (©

Fig. 5.13 (a) small-signal mid-band circuit of telescopic cascode with diode load, (b) shorting input to
find Gms, (c) simplified circuit.

Next, the current flows from the source of transistor M28 to ground is given by,

iout-sc — _Gm5 (VOS — Vs j Routs (530)
2 (leg + r-028 ) + RoutS

Accordingly, the transconductance Gms can be written as,

i,
= (5.31)

mé
Vos — Vs

2

G
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Using equation (5.30) and rationalizing,

Iout-sc — _GmS ROUt5 (532)
Vos —Vos ( ?128 T ) + Roys
2

Thus, the transconductance Gms is given by,

R
Gm6 = Gm5 : outs (533)
( Om2s + r-028 ) + RoutS

The output impedance Rous can be found by shorting the input to ground such as set

V.-V
(—05 > °5J=0 as shown in Fig. 5.14 (a) and the current source J,,Vyss is represented by a

: 1 : . : :
resistor g_ for the same reason as explained previously. In Fig. 5.14 (b), the two resistors
m28

are express as one resistor ——|| I',; . By inspection, the Norton equivalent circuit form is
m28

converted to Thevenin equivalent circuit in Fig. 5.14 (c) and the voltage at the source of M28

IS given by,
. 1 1 .
Viog =1 —1_(gmb28V528)—1+ IXRoys (5.34)
Omas T 1 m28 T T
Changing sides and simplifying,
1 . 1
Vg | 1+ =1 +R 5.35
528( gmb28 gm28 +,-0128J {gng +é Out5] ( )

T Routs

outs

=v
1
Jre $ Fo28 @ Ormb2s (_Vszg)

$ (_Vszs ) glmb28V528 ( Omas Il Fo2s )
- ” Fo2g
VS
28|,V~R0ut . @ V., ,Q:l Fr;ZB (©)

outé

Fig. 5.14 (a) Shorting input to ground, (b) Merged the resistors, (c) Thevenin equivalent circuit.
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Hence, the output impedance Routs can be found by incremental KVL, dividing the total small-
signal voltage V,,g using equation (5.35) by the small-signal current flowing out which is given

by,

B
outd gm28+% (536)

1

1
gm28 + lo28

1+

The next step is to determine the output impedance Rout7 of transistors M25, M27 and M28 as
shown in Fig. 5.15 (a). The output impedance seen from the drain of the transistor is easy to
find by,

R= (gm25 + gmb25) Foosloa7 T Toos + Top7 (5-37)

Therefore, Routz is a diode connection with a resistor R as shown in Fig. 5.15 (b) and its small-
signal equivalent circuit is presented in Fig. 5.15 (c). Similarly, the current source load in diode

connection is replaced by a resistor —— and simplified Norton equivalent form is converted
m28

to Thevenin equivalent circuits in Fig. 5.15 (d) and (e) respectively. According to KVL, the
output impedance Rout is given by,
Vos 1 Ly

1
1 s28 + gmb28V528 1
R Omos +r7 Omog+——

R o= 028 To28 (538)
ot V528
R
Simplifying,
1 1
Ry=—""—"+R+R—— 5.39
T Gt Gt .
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v

R0ut7 928 ) d28 1[ out7

M28 @ OmasVgsos @ OmbasVszs §

R ( g m25 +9 m27 ) 025 r027

R
1 o5 T Tooz

() = ©

out7
0ut7 528 028
” lo28 @ O mb2sVs2s gmb28 8 gmzs I r028)
(d) —

Fig. 5.15 (a) Output impedance of current source load with diode connection, (b) Simplified resistive
load with diode connection, (c) Small-signal mid-band equivalent circuit of (b), (d) Simplified the

diode connection, (e) Thevenin equivalent circuit.

Next, the output voltage can be derived from Fig. 5.16 which shows the high simplified small-

V.-V V.-V
signal mid-band equivalent circuit with a current source Gm4[ % > °6)and G.e (—%)

resistors Roum and Route as well as active current-mirror load. The relationship between current

|, and I, for current i, flowing out of the circuit at the point Oy is given by,

Vos —Vos Vos —Vos
= —» 0| G —
mA( 2 ) mG( 2 j
Vo Vo
(03]
- = V. —V
- <ABGFM (VOS 2 VOG j $Rout4 _ ﬁ GmG ( = 2 06) $ RoutG
15
i N
1T .1 T V09 - Io

=
N
-
<
&

Fig. 5.16 Highly simplified small-signal mid-band equivalent third stage circuit.
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Hence, the voltage at the output point 09 is given by,

V09 = I0 RLoald

G G4

Vos —Vos

jx Route ” I:( gm24,25 + gmb24,25 ) r-024,25 r.026,27 + r.024,2'5 + r.026,27:|

To find out the voltage at output point 010 , Fig. 5.17 (a) is the folded casecode structure which

is the top circuit from the left-hand side of the proposed third stage. The circuit is the same

with Fig. 5.11 (c), thus, the transconductance Gmg and output resistor Routs are given by,

Gm8 = Gm4

Oimis 10 ( Fo1,10 |1 Toz021 ) [( Q22,23 T Qmb2o,23 ) Fo2223 + 1] (5.42)

(gm22,23 + gmb22,23) F022,23 (r018,19 I r020,21) Flo2203 (r018,19 Il r020,21)

R

out8 out4

(5.43)
m2223 T Gmp22,23 ) Fo22.23 (r018,19 [l Voz0.21 ) tlst (rols,lg | r020,21)

=R
-

— 2 \YJ

010

M21 - -
_:‘1 GDGmg (%j Routs |::> G) _GmS [%J $Routs H Roul7
M23 |::, Vo
Yos —Vos ;"oﬁ —[m19 = %Rom ) -

= @ (b) ©

N

Fig. 5.17 (a) AC equivalent of folded cascode structure, (b) Small-signal mid-band equivalent circuit
to find voltage at point O, (c) Simplified small-signal mid-band equivalent circuit of (b).

Then the small-signal mid-band equivalent circuit of the right half circuit is represented in Fig.
5.17 (b). Resistors Routz and Routs are in parallel and Fig. 5.17 (c) presents the simplified as
Norton equivalent circuit. From it, the voltage at the output Oqg is given by,

Vo _Vo
Vato =Gm8( 52 GJ(RM Il Ry ) (5.44)

The last step is a push-pull output stage. Its AC equivalent circuit and small-signal mid-band
equivalent circuit are presented in Fig. 5.18 (a) and (b) respectively. The output voltage at this

stage can be derived by a simplified circuit in Fig. 5.18 (c) which is given by,

Vout = _( gm30V010 + gm31V09 ) ( r-030 ” r031) (5-45)
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Vv ] Vou
o _Ci M30 @ FmaoVoio % lo30 ? t t
Vout Vout :> * gm30V010® Oma1Voo § lo30 ? To31
V., M31 d) Om31Voo % a1 L - -
= (b)

= @ ©)

Fig. 5.18 (a) AC equivalent circuit of push-pull output stage, (b) small-signal mid-band equivalent
circuit of (a), (c) simplified (b).

Therefore, the total voltage gain at the third stage is given by,

A,=—4— (5.46)
Using equation (5.45),

Av3 = _( Om30Vo10 T ImarVoo )(r030 I r°31) (547)
Vos —Vos

Using equation (5.41) and (5.44),

gm3OGm8 (Voszvoe )( Routs || Rout? ) + Qa1 (Gm4 + GmG )(%)
- (ro30 ” r031)
XRoutS || [( 9m24,25 + gmb24,25 ) r024,25r026,27 + r024,25 + r026,27]
As= (5.48)
v05 - V06

After simplifying,

ngOGmB (Routs ” Rou’[7 ) + gm31 (Gm4 + GmG)

1 (5.49)
XRoutG ” |:( gm24,25 + gmb24,25 ) r024,25r026,27 + r024,25 + r026,27]

Av3 ZE(roso I roSl){

Hence, the total transimpedance gain is given by the product of the gain from each stage which

is given below,

Av_total :Alesz XAV3 (5-50)
Using equation (5.20), (5.25) and (5.49),
R 1 R, || Ry,
Av_total = gml 1+ 21 gm3 +é + gmb3 glmg—‘i’zr:: + Rl ” Rzout]GmS ( Rout3 ” Routz)
C;m (Rl ” Rout)
gm3OGm8 (RoutS ” Rout? ) + gm31 (Gm4 + GmG )
X(ro30 I ro31)
¥R I [( Omaaps + gmb24,25) Vo24,25V026,27 T Toa.25 T r025,27]
(5.51)
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5.3 Input Referred Noise Analysis

In this section, the input referred noise current spectral density of the proposed gm-boosted
doubly folded push-pull TIA can be derived theoretically using the noise inserted circuit
diagram in Fig. 5.19 which only considers thermal noise of resistors and drain-current noise of
MOSFET devices. By Following the same principle in equation (3.23) and (3.24), the noise
current power density of MOSFETS and resistors in Fig. 5.19 is given by,

7 =4KT % g, (5.52)
1
2 —a4KT V2 g (5.53)
n,m2 a m2 .
2
2 —4KkT g (5.54)
n,m3 a m3 .
3
2 —aKTlag (5.55)
n,m4 a m4 .
4
7 =4KT 55 g (5.56)
n,m5 a mb5 .
5
2 —a4kT e 5.57
n,m6 a gm6 ( ' )
6
7 —4KT g (5.58)
n,m7 a m7 .
7
2 =4KT g (5.59)
n,m8 a m8 .
8
2 =4KT L2 g (5.60)
n,m9 a m9 .
9
iz —4kT o g (5.61)
n,m10 mi10 '
10
12, = 4KT 222
I n,mill gmll (562)
11
2 =aKkT 2 g (5.63)
n,mi2 ml2 .

12
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i =dKT g (5.64)
13

2 =4KT g (5.65)
14

i2n,m15 =4KT I Omis (5.66)
15

i2n,m16 =4KT L Omis (5.67)
16

i2n,m17 =4KT zid Q7 (5.68)
17

izn,mlB =4KT Lo Omis (5.69)
18

i =4KT g (5.70)
19

i2n,mzo =4KT In Om20 (5.711)
20

i2n,m21 =4KT fa O (5.72)
21

i2n,m22 =4KT Yo Om22 (5.73)
2

i2n,m23 =4KT 4] Omas (5.74)
Uy

i L =4KT L2 g (5.75)
Ay,

i2n,m25 = 4KT @ ngS (576)
Qs

izn,mze =4KT 3 Om2s (5.77)
26

7 L =4KTI2g (5.78)
27
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i s =4KTL2g

n,m28
28

i =4KT 129

n,m29
29

0 =4KT 229

n,m30
30

2 =4KT g

n,m31
31

2 =4KT g

n,m32
32

izn,m33 = 4KT & gm33

33

2 =akT g

n,m34
34

s = 4KT 22 g

n,m35
35

s = 4KT 22 g

n,m36
36

2 o =4KT L g

n,m37
37

e =4KT 2.9,

n,m38
38

e =4KT 2.9,

n,m39
39

o = 4KT 229,

n,m40
Oy

i2n,m41 =4KT La Orma1

41

i2n,m42 =4KT Lig Omaz

42
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i2n,m43 = 4KT & gm43 (594)

43

2 Yaa
I nmaa — AKT — gm44 (595)

44

2 _ Va5
I nm4s — AKT — gm45 (596)

45

2 _ Va6
I nmae — 4KT — gm46 (597)

46

2 _ Va7
I nma7 — AKT —= gm47 (598)

47

2 _ Vg
I nm4g — AKT — gm48 (549)

48

2 _ Va9
1 omao = 4KT == 0y (5.50)

49

2 _ V50
I nms0 — 4KT —= gm50 (551)

50

" _ V51
I nmsl — 4KT == gm51 (552)

51

2 _ V52
I nms2 — 4KT == gm52 (553)

52

2 . V53
I nms3 — 4KT == gm53 (554)

53

2 _ Vsa
1 omss = 4KT == 0, (5.55)

Usy
i%,, =4KT Rli (5.56)

5 1
1 = 4KT — (5.57)
b
2 1
1o, = AKT — (5.58)
2a
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74K L (5.59)

R
] -
2
5
2
T
0
. g
[w]
5 48

Fig. 5.19 Noise inserted (noise perturbed) diagram of the proposed gm-boosted doubly folded push-
pull TIA circuit, (a) single-ended to differential conversion stage, (b) gm-boosted fully differential
folded-cascode voltage amplifier stage, (c) differential input to single-ended output
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Firstly, looking from the last stage at point (a), the input noise voltage power spectral density
is the sum of the input noise voltage power spectral density referred to the gate of transistor
M30 and M28 which is given by,

22 :2
I n,m30 !

] (5.60)

2 2
O ms0 9 mes

2 —
nina —

And the input noise current spectral density across transistor M23 is given by,

+2

- P 2
hina = Vzn,in—a (Zﬂ'f ) (Cdgzs +Clpzs + Capog + Cogao + CgsBO) (5.61)

At point (b), the input noise current spectral density is the sum of the input noise current spectral
density at point (a) and from transistor M21,

2 =il i (5.62)

n,in-b = n,in-a n,in-m21
Half the noise power at point (i), attributable to M19 source, the input noise current power

spectral density is given by the sum of half input noise current power spectral density of

transistor M17 and the input noise current power spectral density at point (b),

E nini — 2 n,in-b (563)

T n,in-b
Then, at the point (k), the noise voltage power spectral density is the sum of its at point (i) and
transistor M19, which is given by,

V2 _ [ i2n,ml7 + m} 1 + i2n,m19 (564)

njin-k T 2
4

(gmls + gmlg )2 g m19

Here, half of this noise current power spectral density at point (k) is referred to the source of
transistor M12 and the other half to transistor M14. Hence, the input noise current power

spectral density at point (k) is given by,

£2 2
| n,in-k =V

2 2
(2” f ) (ng12 +Copro + Cdgl4 +Clpra + ng19 + Cgsl9) (5.65)

n,in-k

And the input noise voltage power spectral density referred to the source of transistor M28 at

point (e) is given by,

sy (5.66)

n,in-e = 2
g m31
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Thus, the input noise current power spectral density across transistor M25 can be written as,

R 2 2
|2 = V2 (27[ f ) (ng31 + CgsSl + CgsZS + Csb28 + CngS + Cdb25) (567)

n,in-e n,in-e

Next, the total input noise current power spectral density at point (g) is the sum of the noise

current power spectral density at point (e) and transistor M27,

2 =i 1 (5.68)

n,in-e n,m27

And the total input noise voltage power spectral density at point (g) is given by the sum of
noise current power spectral density across transistors M27 and M26,

2 i2nin—h i2nm26
v _nivh  Tn (5.69)

nin-g — 2 2
g m27 g m26

The input referred noise voltage of transistor M24 and M25 as well as the low voltage cascode
bias circuit are not in the path of the TIA input. Therefore, the input referred current power

spectral density is given by,

i =y?

njin-g n,in-g

2 2
(2” f ) (Cgsze + ngze + Cgsz7 + ng27 + Cdg24 + Cdb24 +Cdgzz + Cdbzz) (5'70)

At the point (c), the input referred noise current spectral density is the sum of the current power

spectral density referred to the drain of transistor M20 and at point (g) which is given by,

2 =i i (5.71)

n,in-c =1 n,in-g +1 n,m20

Next, half of the noise current power spectral density at point (i) attributable to M18 source is

given by,

L | Vo |5 (5.72)

Then the noise voltage power spectral density at point (j) is given by,

i2 - i2
V2n'in-j — ( n,m17 + i2ﬂ£} ( 1 + n,mi8 (573)

2 2
gm18 + gmlg) g mi8

Noise of transistor M22 and M23 referred drain current to input is not in the path of the TIA
input. It also cannot be referred to the source of the devices. Thus, the total noise current power
spectral density at point (j) is given by,

- — 2

'2 = Vzn,in—j (Z”f )2 (Cdgll + Cdbll + Cdgl3 + CdblS) (5'74)

ningj —
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Half of this can be referred to the source of M11 and the other half to the source of M13. The

noise voltage power spectral density referred to the gate of M13 at point (®, ) is given by,

i2
_ " nml13 (575)

nin-wl = _ 2
g mi13

V2

And its noise current spectral density referred to the gate of M13 at point (®,) is given by,

. 2 2
I2n,in-m1 = V2n,in—m1 (27Z'f ) (ng41 +Cdb4l + Cdb39 + Cdg39 +Cdg13 +Cgsl3) (5'76)

Hence, the noise voltage power referred to the gate of M40 and M41 at point (®,) is given by,

i° i?
2 — __nma4l +L40 (577)

n,in-m2 2 2
O mar 9 mao

Accordingly, the input referred noise current power spectral density at point (©,) is given by,

: 2
i° Vzn,in»wz (27zf )2 (Cdb4() + ng41 + Cgs4l + Cdg38 + Cdb38) (5'78)

n,in-02 =
At the point of (©;), the input referred noise current spectral density is the sum of it at transistor

M37 and the point of (®;) and (®,),

i2 T Y (5.79)

n,in-ol n,in-m2 n,m37

From inspection, at point (®©;) from differential amplifier Az, the input referred noise voltage

power spectral density can be written as,

2 izn in-o3
V2= mimed (5.80)

e (gm38 + gm39 )2

Thus, at point (1), the input noise voltage power spectral density from differential amplifier A

IS given by,

v2 Vi Lo (5.81)
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And by inspection, the total input referred noise current power spectral density at point (1) is

given by,

+2

- n,in-j - 2 2
I2n,I = 2 J + I2n,m15 +V2n,in-| (27[1: ) (Cgsl3 + Csb13 + Cdng + CdblS + ng39 + Cgs39) (582)

Half of the input referred noise voltage power at point (p) of the PMOS cascode circuit is the

sum of the input referred noise voltage power spectral density at point (I) and transistor M7 as

well as a half from the transistor M6 because of allocating half of i?, ; to left and another half

to the right, which can be expressed by,

+2

|
1Vzn in-pl = (izn in-l +E i2nin-mej 1 2 + ;Ym7 (583)
2 ’ ’ 2 (gm7 + gm8) 9

Here, the input referred noise voltage power spectral density at point (X; ) is given by,

i2
= Lomss (5.84)

ninyl = _ 2
g mi14

v2

And input referred noise current power spectral density at point (%) is given by,

> 2 2
I2n,in~xl = Vzn,in-xl (27[1: ) (ngSI + CdbSl + Cdb49 +Cdg49 + ng14 + Cgsl4) (585)

The input referred noise voltage power spectral density referred to the gate of M50 and M51 at

point (X, ) is given by,

32 32
_ ! n,m51 !

nine = —om2 (5.86)

2 2
O mst 9 mso

V2

And input referred noise current power spectral density at point (), ) is given by,

2 2 2
IZ Vzn,in—xz (27[f )2 (Cdg48 + Cdb48 + CdbSO + Cngl + CgsSl ) (587)

n,in-2 =
Thus, the input noise current power spectral density at point (X 3) is the sum of it at transistor

M47 and point ();) and (), ),

i2 i2 4t 4P (5.88)

n,in-3 = n,in-y1 n,in-y2 n,m47
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From inspection, at point (X 3), the input referred noise voltage power spectral density can be

written as,

i2
I

n,in-3
g =7 (5.89)
a (gm48 + gm49 )2

V2

At point (m), the input referred noise voltage power spectral density from differential Az is

given by,

2
I

2 G2
njin-m — v

n,m49 (590)

\'
2
g m49

—+

n,in-3

And the input referred noise current power spectral density at point (m) from differential Az is

given by,

o 2 2
IZ = Vzn,in—m (Zﬂf ) (Cgsl4 +Csb14 +Cdgl6 +Cdb16 + ng49 + Cgs49) (591)

n,in-m

From inspection, the total input noise current spectral density at point (m) is given by,

2 12 1'2

=i 5 Fninic T i? (5.92)

nm n,in-m n,mi16

Similar to equation (5.83), half of the input referred noise voltage power spectral density at

point (q) of the PMOS cascode circuit can be directly written as,

. . 1 i’
2 2 2 n,m8
=V . :(l B j +— (5.93)
n,in-q1 n,in-m n,mé 2 2
2 2 (gm7 + gm8) g m8
And the input referred noise voltage power spectral density at point (Y;) is given by,
i2
Vzn,in-yl = gmll (594)
g mill
Thus, the input referred noise current power spectral density at point (Y, ) is given by,
T - 2
I2n,in—'yl = Vzn,in-yl (Zﬂ.f )2 (Cdg34 + Cdb34 + Cdb36 + Cdg36 + Cgsll + Cdbll ) (595)

Next, the noise voltage power spectral density referred to the gate of transistors M35 and M36

at point (Y,) is given by,

i2 i2
V2 — n,m35+ n,m36 (596)

n,in-y2 2 2
g m35 g m36
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Accordingly, the input referred noise current power spectral density at point (Y, ) is given
below,

2

S 2
i2 V2 (27 f) (Cdb35 +C 6 +Chuse + Cugzs + Cgss +Cdb33) (5.97)

n,in-y2 = n,in-y2
Therefore, the input noise current power spectral density at the point of (Y3) is the sum of it at

transistor M32 and point (Y1) and (7Y, ),

i2 i2 4ty (5.98)

n,in-y3 = n,in-y1 n,in-y2 n,m32

And the input noise voltage power spectral density at point (Y3) is given,

i2
|

n,in-y3
e (5.99)
" (ngS + gm34 )2

V2

Here, the input referred noise voltage power spectral density at point (m) from differential A

is the sum of them at point (Y5) and transistor M34 which is given below,

12
+ Lnmae (5.100)

2
g m34

n,in-y3

And the input noise current power spectral density at point (n) from differential Az is given by,

2

e — 2
P inn =V (27f )2 (Cgs34 +Co + Cago + Cape +Cgrs + Csbll) (5.101)

n,in-n n,in-n

By inspection, the total input referred noise current power at point (n) can be directly written

as,

:2

L= S L L (5.102)

n,n 2 n,m9 n,in-n

Then, half of the input referred noise voltage power at point (p) of the NMOS folded cascode
circuit can be directly written as,

2
1 I n,m52

1 2 =2 =2
EV n,in-p2 =11 n,in-n +§I n,in-m54 2 + 2
(gmsz + gm53) g ms2

(5.103)

Next, the noise voltage power referred to the gate of M35 and M36 at point (1) is given by,

i2
1

2
v njinnl —

nmi2 (5.104)

2
g ml2
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And the input referred noise current power spectral density at point (1, )is given by,

o 2 2
i* =V’ (Zﬂf )2 (ng43 +Clpas + ng45 +Cpas +Con + nglz ) (5.105)

n,in-ml n,in-nl gsl2

The input referred noise voltage power spectral density referred to the gate of M45 and M46
at point (1,) is given by,

2 i2
n,m45

! nmes (5.106)

2 2
g m45 g m46

|
n,in-m2 =

2

From the equation above, the input referred noise current power spectral density at point (1, )is

given by,

= —— 2
i? V2n,in»n2 (27[1: )2 (Cdb46 +Cdb44 + Cdg45 + ng45) (5'107)

n,in-n2 =
Thus, the input referred noise current power spectral density at point (13) is the sum of it at

transistor M42 and point of (1;) and (M),

Y ER R (5.108)

n,in-nl n,in-n2 n,m42

And the input referred noise voltage power spectral density at point (13) is given,

.
Vo, =— (5.109)

" (gm43 + gm44 )2

Next, the input referred noise voltage power spectral density at point (0) from differential A;

is the sum of them at point (153) and transistor M43 which is given below,

2
|

n,m43 (5110)

_|_
2
g m43

nn3

And the input referred noise current power spectral density at point (o) from differential Az is

given by,

R 2 2
|2 = V2 (27[ f ) (CsblZ + nglZ + c:dglo + C:dblo + Cgs43 + Cd943) (5111)

n,in-o n,in-o

By inspection, the total input referred noise current power at point (n) can be directly written

as,

N T R (5.112)
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Then, half of the input referred noise voltage power spectral density at point (q) of the NMOS

folded cascode circuit can be directly written as,

[ i2
1Vzn,in-qz = (izn,o +1i2n,ms4j - 7T g'mss (5.113)
2 2 (gmsz +gm53) 9 ms3

Then using equations (5.113) and (5.93), the total input referred noise voltage power spectral

density at point (q) is given by,

vl 1y (5.114)

nin-q — 2 n,in-g2 2 n,in-q1

Also, using equations (5.103) and (5.83), the total input referred noise voltage power spectral
density at point (p) is given by,

2 12 1=

ninp — 2V n,in-p2 +EV n,in-pl

v (5.115)

And the input referred noise current power spectral density at point (p) can be found as,

e a— 2
I2n,in—p = Vzn,in—p (Zﬂf )2 (Cde + Cdbl + Cdgl + C + ng? + Cgssz + ngsz) (5116)

gs7

Now, move to stage one, at point (s), the input referred noise voltage power spectral density

from resistor R1a and R2a can be written as,

Vzn,s = izn,Rla X Rzla + izn,Rza X RZZa (5117)

And the input noise voltage power spectral density produced by transistor M3 is given by,

7,
P (5.118)

n,in-m3-p 2
g m3

The input referred noise voltage spectral density at point (p) is the same as it at point (5),

Vi =V, (5.119)

And the input referred noise current spectral density at point (p) is given by,

_ Cyus +Capy +Cyoy +Coiy )
db3 dbl dgl gs7 ] (5 120)

p . 2
I2n,p = I2n,in-p + (Vzn,p +V2n,in-m3-p)(2ﬂ-f ) (+C + C

gd7 gs52 + ng52

Since a single-to-differential converter is symmetrical, the right half of the circuit is the same
as the left half. Thus, the input referred noise voltage power spectral density from resistor Rip

and Rap can be written as,
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2 Y 2 2 2
Vo ribras = 1 nrie X Ry 17 mop X R, (5.121)

Next, the noise voltage power spectral density referred to the gate of M2 is given by,

2

nm2 (5.122)

=—
g m2

i
2 —
v n,m2

Then the input noise current power spectral density referred to the gate of M2 is given by,

i2n,m2 = Vzn,mz (27[f )2 (ngz + Cgsz )2 (5123)

The input referred noise voltage power spectral density due to the noise current power of M2

across the resistor at point (t) can be presented as,

V2 i2 0, xR, +i% 1, x R%, (5.124)

n,tm2 = n,m

Thus, the total input referred noise voltage power spectral density at point (t) is given by,

2 2

2
v n,in-t =V n,R1b,R2b +V n,tm2 (5125)

And the input referred noise current power spectral density at point (q) is given by,

12,3 =V2, (270 F)? (Cyg +Cope +Capp +Cugp ) (5.126)

n,q

Hence, the total input referred noise current spectral density arrived at point (r) is the sum of it
from transistor M5 and at the point (p) as well as (q),

i2 =i il i (5.127)

nr n,p n,q n,m5

And the input noise voltage power spectral density at point (t) is given by,

N . (5.128)
(gml + gmz)
Therefore, the final input referred noise voltage and current power spectral density at point (u)
is given by,
i2
V2 i = V2, + 2 0% xR, (5.129)
ml
- 1
Iznyi”-u = Vzn,in-u {RT + (27zf )2 (Cgsl + ngl )2} (5.130)
2a
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5.4 Simulation Results

Fig. 5.20 shows the transient sinusoidal response of the proposed single-to-differential

converter. As be seen in this figure, the two outputs waveforms have a similar magnitude and

opposite polarity.

Transient Response of Single-to-Differential Converter
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Fig. 5.20 Transient response of proposed single-to-differential converter.

Fig. 5.21 shows the transient sinusoidal response of proposed gm-boosted doubly folded push-

pull TIA for a nominal 10MHz input signal. As shown in this figure, the peak-to-peak output

voltage swing is around 100mV for a test input current of 1nA.
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Fig. 5.21 Transient response of gm-boosted doubly folded push-pull TIA.
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Fig. 5.22 shows that transimpedance gain of gm-boosted doubly folded push-pull TIA which is
217.8dB and its -3-dB bandwidth is 211kHz.

TRANSIMPEDANCE GAIN VS. FREQ

200 F 217.8 dB 4
211 kHz

)
RS
£

© 150 - d
(O]
(0]
[&]
C
©
®

a 100 - d
£
)
C
o
'_

50 9

O T Lanl L Lanl T 11l R L1l PR L

10° 102 10* 1010
Freq(Hz)

Fig. 5.22 AC analysis simulation of transimpedance gain for gm-boosted doubly folded push-pull TIA.

Fig. 5.23 indicates the input referred noise current spectral density function of gm-boosted
doubly folded push-pull TIA and the average is around 159.8 pA/sqrt (Hz) within the TIA
bandwidth.

800 INPUT REFERRED NOISE CURRENT VS. FREQ

700 - 1
600 - .
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400 - 4

300 7

Input Referred Noise Current (pA/sqrt(Hz))

200 159.8 pA/sqrt (Hz) B

100 1 1l 1 1
100 102 10* 108 108 1010
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Fig. 5.23 Input referred noise current of gm-boosted doubly folded push-pull TIA.
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Fig. 5.24 shows the results of eye diagram simulations using -229 dBm input photodiode
current signal and a 23!-1 pseudo random bit sequence (PRBS) data pattern. It displays an eye
opening of 90% at 100kbit/s.

- ey ouT

r T T T T T T T T T T T T T T T T T T T T T T
o 20 0 B 2 140 160 120 20 20 20 264

Fig. 5.24 Eye diagram of gm-boosted doubly folded push-pull TIA.
5.5 Layout

Fig. 5.25 shows the masked layout for gm-boosted doubly folded push-pull TIA which occupies
55 x 57 um? of silicon area.

Fig. 5.25 Layout of gm-boosted doubly folded push-pull TIA.
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Chapter 6 gm-boosted Multiple Stage Transimpedance Amplifier

with Bandwidth Extension

This chapter describes a novel gm-boosted multiple stage TIA with bandwidth extension
technique by adding an inductor. Theoretical analysis such as its gain and noise analysis are
developed. And its simulation results indicated the transimpedance gain is 73.71 dB with a -3
dB bandwidth of 38.69 MHz. By adding the inductor, the -3 dB bandwidth has extended 17%.
The input referred noise current spectral density is below 50 pA/sqrt (Hz). Eye diagram
simulation using -123 dBm input photodiode current signal and a 2%'-1 pseudo random bit

sequence data pattern shows an eye opening of 95% at 15 Mbit/s.
6.1 Topology of gm-boosted Multiple Stage Inductively Peaked TIA

The topology of the proposed gm-boosted CG multiple stage TIA with inductive bandwidth
extension technique and its bias voltage circuit are shown in Fig. 6.1 and Fig. 6.2. It consists
of three stages: (a) a common gate transimpedance amplifier stage, (b) a gm-boosted voltage
gain stage consisting of a cascode stage and a cascode stage with inductive bandwidth
extension technique and (c) a low-impedance source-follower stage. The input common gate

stage has low noise and low input impedance which has a wide-band behaviour [66].

RF
W
R é 5kQ
Vo 3.5um
-—IE 0.185um
- R,
bn 13kQ

0.3um

Fig. 6.1 Schematic of proposed gm-boosted multiple stage inductively peaked TIA.

2.45um 2. 02pm 2um

0.3um A 0.18um 0.49umy
2um . 2.97um Var  2um |

0.45p 0. 18pm 0.18um,

Fig. 6.2 Biasing circuit of gm-boosted multiple stage inductively peaked TIA.
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6.2 Analysis of Mid-band Transimpedance Gain

The open-loop mid-band gain of the gm-boosted multiple stage inductively peaked TIA can be
derived using an open-loop AC equivalent schematic in Fig. 6.3 with feedback loading effect
[47]. To simplify the circuit, gm-boosters are represented by triangle symbols with voltage gain
A and all the DC voltages are AC shorted to ground. In addition, the feedback factor  can be
written as 1/ Rr [47].

éRF | b.é - | Rpéé * M7
j[w > (&_“”_2{ > Eﬁ

©

W® =R @4—@1‘3 Ri AIE'\;"G -

Fig. 6.3 Open-loop AC equivalent circuit for gm-boosted multiple stage inductively peaked TIA.

For the input common gate stage, the output voltage at point (a) is given by,

: R
@ = Iin 1 : (Rl ” RF) (601)
R,+—+R|IR:
9

ml

\'

Hence, the transimpedance gain of the first stage can be written as,

Vo _ R(RIIR) (6.02)
i 1
ln R2+g—+R1|| R,

ml

In the next gm-boosted cascode stage, according to equations (3.12) and (3.13), the composite
trans-conductance and output impedance is given by the equations below by inspection,

Gl {[ (A +1) G + G 1 1)
m1 r,+r, [(A2 +1) O + I ] r,+r,

G (6.03)

Routl = {ros + r03 I:(AZ +1) gmz + gmbz:lroz + roz} ” R3 (604)

Thus, the voltage gain from point (a) to (b) is given by the product of the transconductance Gmi

and output impedance Routt,

Yo o g (6.05)
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The next stage is a source follower, and the voltage gain can be written as [47],

VC
© —_g,,r, (6.06)
Vo)

Then it follows by a cascode stage, and the composite transconductance and output impedance

are given by,

_ gmaroe {I:(Az +l) gms + gmbs:l I‘-05 +l}

G =
r-06 + roﬁ I:(AZ +1) gm5 + gmb5:| r-05 + r05

m2

(6.07)

Routz = {roﬁ + IF06 I:(AZ +1) ng + gmbS:I r05 + r05} ” Rs ” RF (608)
Therefore, the voltage gain from point (c) to point (d) is given by the product of
transconductance Gm2 and output impedance Rout,

Yo _g R (6.09)

m2 " ‘out2
Vi

In the last output source follower stage, the voltage gain is following the same with equation
(6.06) which is given by,

v
0_Ut:_gm7ro7 (610)
Vi)

Thus, the open-loop mid-band transimpedance gain is the product of the gain from each stage

which is given by,

o (6.11)
= 2(1 : F) GmlRouthmZ Routz gm4r04gm7 r°7
R2 +g7+ R1 ” RF

ml

And the closed-loop gain is given by,

Z
chosed = p (6 12)
1+ p7Z

open
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Using equation (3.01) and (6.11),

R (R IIR
: (1 F) GmlRouthmZ Routzgm4ro4gm7 ro?
R,+—+R|R:
Zopen = o (613)

F R2+7+R1|| RF

ml

Gm1 Routh m2 Rout2 g m4 r04 g m7 Ir07

After simplification,

Z — RF RZ ( Rl | | RF ) Gml RouthmZ Routz g m4 r04 g m7 r07

open
1
RF [Rz +97+ Rl ” RFJ—I_ Rz (Rl ” RF)GmlRoutIGmZRoutzgm4r04gm7ro7

ml

(6.14)

6.3 Input Referred Noise Analysis

In this section, only considering the thermal noise, theoretical analysis of the input referred
current spectral density of proposed TIA is discussed. Fig 6.4 shows the noise inserted (noise
perturbed) circuit diagram for the proposed gm-boosted multiple stage inductively peaked TIA.
Following the same principle in equation (3.23) and (3.24), the noise current power density of

MOSFETSs and resistors from Fig. 6.4 are given below,

R
(

3
m)
Vb1—| M1
(n
D= b

Fig. 6.4 Noise inserted (noise perturbed) circuit diagram of gm-boosted multiple stage inductively
peaked TIA.

2 =akT g (6.15)

a,
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i2n,m2 = 4KT % gmz (616)
2
i2 —4KkT Loy (6.17)
n,m3 a m3 '
3
2 —aKT e 6.18
n,m4 a gm4 ( ' )
4
2 =4KT g (6.19)
n,m5 a m5 '
5
2 —4KT o 6.20
n,mé a gm6 ( . )
6
i2 —4KT1g (6.21)
n,m7 o m7 .
7
iz —aKT L8 g (6.22)
n,m8 m8 '
Oy
i2 —aKkT Lo g (6.23)
n,m9 m9 .
2
2, 0 = 4KT Lo g (6.24)
n,m10 mi10 .
10
i2 = 4KT L g (6.25)
nmil mil '
11
2 —4KT /2 g (6.26)
n,mi2 ml2 .
ap
2 —4KT 13 g (6.27)
n,mi3 mil3 '
3
2 —4KTleg (6.28)
n,mi4 ml4 .
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15
i2,, =4KT % (6.30)
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7 kT L (6.31)
iy R2

2 _akT L (6.32)
M3 R3

7 kT L (6.33)
i R4

P kT L (6.34)
[ R5

P kT L (6.35)
3 R6

i2,, =4KT Ri (6.36)

F
Next, the input referred noise voltage power spectral density arrive at point (b) is the sum of
noise voltage spectral densities referred to the gate of M2, from resistors Re, Rs and Rr, which

can be written as,

Vi = Ig—’m7+ i7, xR%+i%  xR% +i°  xR% (6.37)
g m7
And the input referred noise current power spectral density at point (b) is given by,
-2 2 2 2 1 1
i = Vnino |:(27Z'f ) (ng7 +Cy +Cus + CdbS) + R + R—z} (6.38)
F 5

The input referred voltage power spectral density referred to the gate of M5 is given by,

V2 — | n,m5 (639)

Thus, the input referred current power spectral density at point (c) is given by,

2

T 2
i2 e =Vine (272F) (ng14 +Cypa +Cops + Cdbm) (6.40)

Next, the noise voltage power spectral density referred to M13 and M14 at point (d) is given

by,

2 i2nm:L3 i2nm14
V2 —-nmd ] omi4 (6.41)

nind = _ 2 2
g ml3 g ml4
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And the current power spectral density referred to the source of M13 can be found by,

2

i? = Vzn,in_d (Zﬂ'f )2 (ngls +Capis + Coars + Cdbls)

n,in-d

(6.42)

Hence, the total input referred noise current power spectral density at point (e) is the sum of

the noise current power spectral density at point (c), (d) and M17,

:2 _:2 :2
I nin-e I n,in-c +1

d + i2n,m17 (643)

n,in-

Thus, the total noise voltage and current power spectral density referred to the gate of M16 at

point (f) are given by,

P2 i° P2
Vzn,in.f — - n,in-e : + r;,mlﬁ + n2,|n—b (644)
g mil5 + g ml6 g ml6 g m5
2 T2 2 2
I2n,in—f = V2n,in—f (27[f ) (CQSS + Csbs + ng6 + Cdb6 + nglG + Cgsle) (645)

Next, the noise voltage and current power spectral density referred to M6 at point (g) are given

by,

2 i2nin—f i2n m6 i2n m4 2 2
V2 g = 92’ + gz’ + gz’ +i?,,, xR, (6.46)
mé6 m6 m4
o=V {(2;; £)?(Cpoa + Cape + Coe + C ) + Riz} (6.47)
4

At point (h), the noise voltage and current power spectral density referred to M4 and from

resistor Rz are given by,

2 +2

! I n,m4 :2

VAR s R ERNY S5 (6.48)
g O T
2 2 2 2 1
I2n,in—h = Vzn,in—h |:(27Z-f ) (ngZ +Cdb2 + ng4 +Cgs4) +R_2i| (649)
3

And the input referred noise voltage and current power spectral density arriving at the source

of M2 are given by,

Vzn ini = l;va (650)
' g m2
i2n,in—i = V2n,in-i (272-1: )2 (ngg + Cdb9 +ngll + C:dbll )2 (651)

103



gm-boosted Multiple Stage Transimpedance Amplifier with Bandwidth Extension

Similarly, the input referred noise voltage and current power spectral density referred to M8

and M9 at point (j) are given by,

i2 i2
V2n in-j = ';mS + f;,m9 (652)
' g m8 g m9
2 2 2
|2n,in—j = V2n,in—j (Z”f ) (ngs + Caps + Cyaro + Cdblo) (6.53)

Hence, the total input referred noise current power spectral density at point (k) is the sum of

the noise current power at point (i), (j) and M12,

i’ 12 i o nme (6.54)

nink — ' njini nin-j
Thus, the total input referred noise voltage and current power spectral density referred to the

gate of M11 are given by,

2 i2nin—k i2n mill i2nin—h
v nind = 2 ) 2 + 21 + 2 (655)
g m10 + g mill g mill g m2
o T 2
I2n,in—l = Vzn,in—l (27[f )2 (Cgsz +Csb2 + ng3 +Cdb3 + ngll +Cgsll) (656)

The input referred noise voltage and current power spectral density referred to M3 at point (m)

are given by,

2 2 - L
Vznxi"-m = I 2vm3 + I T;m3 + i2n,r x Rzl +i2n,r x I:22F (657)
g m3 g m3 ' i
2 =V | (278 )} (Cogs + Cops + Cogr + Cop ). + o+ — (6.58)
M inm =V ninm ( T ) ( ga3 T L3 Thga + dbl) +R—2+R—2 .
F 1

Finally, the input referred noise current power spectral density at point (n) can be written as,

2 = i (6.59)
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6.4 Simulation Results

Fig. 6.5 shows the transient sinusoidal response of proposed gm-boosted multiple stage
inductively peaked TIA for a nominal 10MHz input signal. As shown in this figure, the peak-

to-peak output voltage swing is around 950nV for a test input current of 100nA.
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Fig. 6.5 Transient response of gm-boosted multiple stage inductively peaked TIA.

Fig. 6.6 shows that transimpedance gain of gm-boosted multiple stage TIA with an inductor is
much higher than that for gm-boosted multiple stage TIA without inductor for the same size of
gain devices and load devices. As be seen from this figure, the magnitude of the transimpedance
gain is around 73.71 dB. The -3 dB bandwidths of the proposed TIA with and without inductor
are 38.69 MHz and 32.85 MHz respectively. Obviously, the -3 dB bandwidth has extended by
17% by adding the inductor.
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Fig. 6.6 Comparison of AC analysis simulation of transimpedance gain for gm-boosted multiple stage
TIA with/without inductor.

Fig. 6.7 indicates the input referred noise current power spectral density function of gm-boosted
multiple stage inductively peaked TIA and the average is around 47.71pA/sqrt (Hz) within the
TIA bandwidth.
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Fig. 6.7 Input referred noise current of gm-boosted multiple stage inductively peaked TIA.
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Fig. 6.8 shows the results of eye diagram simulations using -123 dBm input photodiode current

signal and a 23!-1 pseudo random bit sequence (PRBS) data pattern. It displays an eye opening

of 95% at 15 Mbit/s.
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6.5 Layout

Fig. 6.8 Eye diagram of gm-boosted multiple stage inductively peaked TIA.

Fig. 6.9 shows the masked layout for gm-boosted multiple stage inductively peaked TIA which

occupies 575 x 670 um? of silicon area.

8nH inductor

Fig. 6.9 Layout of gm-boosted multiple stage inductively peaked TIA.
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Chapter 7 Comparison
The Figure of Meri is widely used in a comparison of the performance of CMOS TIA

topologies [3][67][68] which is described as,

Gain(dBQ) x BW (kHz) x C(pF)
FoM =
Power(mW) x InputNoise( pA/ \/E)

(7.01)

Where Gain is the transimpedance gain in dBQ, BW is the bandwidth in kHZ, C is the
photodiode capacitance in pF, Power is the power dissipation in mW and the InputNoise is the

input current noise density in pA/sqrt(Hz).

Table 7.1 shows the comparison with the state of proposed gm-boosted TI1As. Surprisingly, the
gm-boosted multiple stage inductively peaked TIA achieves the highest FOM and largest
bandwidth at the expense of lower transimpedance gain and higher power consumption. The
design of gm-boosted Inv-Cas and RIC TIAs has similar performances as they provide higher
gain, lower power consumption and lower noise. Compared between these two topologies, gm-
boosted Inv-Cas has slightly better input referred noise spectral density and smaller occupied
space. Although gm-boosted doubly folded push-pull offers the highest gain and bandwidth, the
bad input noise current spectral density performance and high-power dissipation make it the

lowest FoM.

As a result, gm-boosted Inv-Cas TIA, gm-boosted RIC TIA and gm-boosted multiple stage

inductively peaked TIA are selected to be fabricated.

Table 7.1 Comparison with the state of proposed gm-boosted TIAs.

gm-boosted TIA Inv- RIC Doubly folded push- Multiple stage
Cas pull inductively peaked
Gain (dBQ) 145.8 145.5 217.8 73.71
BW (kHz) 5.31 5.4 211 38690
C (pF) 5 5 5 5

Power (mV) 11.1 13.9 56.7 127.1

Input Noise (pA/sqrt Hz) | 4.23 7.81 159.8 47.71
FoM 82.4 36.2 25.4 470.3

Area Occupied (um?) 721 1845 3135 385250
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Chapter 8 Experimental Results

8.1 Overall Layout

The gm-boosted RIC TIA, gm-boosted Inv-Cas TIA and gm-boosted multiple stage inductively
peaked TIA are selected to be fabricated. Fig. 8.1 shows the overall layout for the selected TIA
with a bound pad which indicates gm-boosted RIC, gm-boosted Inv-Cas TIA and gm-boosted
multiple stage inductively peaked TIA from left to right respectively. The size of the chip is

1.5mmx3.3mm which contains 28 pins.

CEEIE A BIEEIEAEIE ) Om-boosted multiple -
s ) & o o B ) ok o o] i str:]':lgeinductively
EIEENE H EE
"rn-;ﬁ SEAE P peaked_T}IA
e o B
ol 1% I
o o] e o |
EEEANH
Om-boosted
e TIAgm boosted .
i‘-i Inv CasTIA
R
R
% '5 8 % z '5 8z5¢2
O 0O >0 (@) > (o]

Fig. 8.1 Overall layout for the selected gm-boosted TIA sitting in the chip.

Fig. 8.2 shows the bonding diagram for DIP 28 package for the packaging of the chip. The pins
from 16 to 27 are occupied by the selected TIAs which is the same as the 12 pins shown in Fig.
8.1.

{ GND |

OUT |26

[Eooocoooc

GND

Fig. 8.2 Bonding diagram for the packaging of the chip.
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8.2 DRC, LVS, and PEX Analysis

Before the layout is sent to be fabricated, there are three steps to check the performance of the
designed layout. The major step is Design Rule Check (DRC) simulation to ensure that the chip
layout design satisfies the physical design process, such as the space between each metal. Any
violation of the design rule may result in a faulty chip. Furthermore, if DRC simulation is not
passed, the chip cannot be accepted by the manufacturer. Next, Layout versus Schematic (LVS)
verification is to compare the layout and schematics. It guarantees that the layout represents
the circuit you desire to fabricate. The last step is Parasitic Extraction (PEX) analysis that
calculates the parasitic effects from designed components and wires. It extracts the parasitic
resistances, capacitances and inductances from the layout, and generates netlists to create an
accurate model of the circuit to simulate the actual response. For analog circuits, the principal
purpose is to make sure the designed circuit still function if the extra extracted parasites are

applied.
8.3 Microphotographs of Fabricated Microchip

The whole design was sent to a foundry for fabrication and came back in February. A
microphotograph 10X of the fabricated microchip is shown in Fig. 8.3. The marked layout
areas from left to right are gm-boosted RIC TIA, gm-boosted Inv-Cas TIA, and gm-boosted
multiple stage inductively peaked TIA respectively. Fig. 8.4 is a microphotographs 20X
showing the details of three selected gm-boosted TIAs.

gm-boosted multiple stage
inductively peaked TIA

8nH in,ductor

gm-boosted
ﬁmc TIA
gm-boosted
Inv-Cas TIA

Fig. 8.3 Microphotograph 10X of selected gm-boosted TIAs fabricated in 180nm CMOS technology.
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8nH inductor

Om-boosted multiple stage
inductively peaked TTA

(b)

Fig. 8.4 Microphotograph 20X showing the details of selected gm-boosted TI1As fabricated in 180nm
CMOS technology, (a) gm-boosted RIC TIA (left) and gm-boosted Inv-Cas TIA (right), and, (b) gm-
boosted multiple stage inductively peaked TIA.
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8.4 Test Setup

A test setup of the fabricated microchip in the lab is shown in Fig. 8.5. The chip is mounted on
a fabricated test PCB which is detailed in Fig. 8.6. The PCB’s input is a voltage signal generated
by Tektronix AFG3021C signal channel arbitrary/function generator. It passes to a current
source IC LT3092EST#PBF. According to its datasheet, two resistors are connected to the pins
IN and SET which program the value of output and the output current is given on the datasheet

as below,

| —10pATe (8.01)

out

Thus, the desired output current is chosen as 10pLA and the resistors Rout and Rset are selected to
be 22kQ because the datasheet states the reasonable starting level of Rset is 22 kQ. Thus, the

input current is given by,

l,, _10A 22K
22kQ) (8.02)

=10uA
The test PCB is powered with 1.8V voltage by Sinometer DC regulated power supply
HY3003D-3. Then the amplified output voltage signal from the microchip is passed to a non-
inverter buffer gate SN74LVVC1G17DBVR. And the final output voltage signal is measured by
a Tektronix TBS 1102b-EDU digital oscilloscope to display and analyse its waveform.

Test PCB
Fig. 8.5 The test setup of the microchip in the lab.
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“’k;;

Current Source

(a) (b)
Fig. 8.6 The details of test PCB, (a) Top side, and, (b) bottom side.

8.5 Test Results

The three selected TIAs are tested by two waveforms: sine wave and square wave, and the

input current from the calculation in the previous section is 10 pA at 1 MHz.

8.5.1 gm-boosted Inv-Cas TIA

The test results of gm-boosted Inv-Cas TIA are shown in Fig. 8.7. The peak-to peak-voltage
from sine-wave and square-wave inputs are amplified t0100 mV and 121 mV respectively.

Thus, the transimpedance gain can be calculated by,

. . Vout— peak—to—
TransimpedanceGain = 20log (MJ
i

in— peak —to— peak

_ zouog[m‘)m\’j (8.03)
10uA

=80dB
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Measure

[ @D Amplitude 90.4mV
| @D Peak-Peak 100mVY

SmV_ 1.00001MHz |

Measure

Amplitude 96.0mV
| @B Peak-Peak 121mV

(b)

Fig. 8.7 gm-boosted Inv-Cas TIA test results from oscilloscope, (a) Input signal as a sine wave, and (b)
Input signal as a square wave.

8.5.2 gm-boosted RIC TIA

The test results of gm-boosted RIC TIA are shown in Fig. 8.8. The peak-to peak-voltage from
sine-wave and square-wave inputs are amplified to 99.2 mV and 109 mV respectively. Thus,
the transimpedance gain can be calculated by,

out—peak —to— peak

Vv
TransimpedanceGain = 20log| —
i

in— peak—to— peak

=20log (MJ (8.04)
10uA

=79.9dB

114



Experimental Results

Measure

[ @D Amplitude
| @D Peak-Peak requency

(@ >

Measure

[ @D Amplitude 102mV
| @D Peak-Peak 109mV/

(b)

Fig. 8.8 gm-boosted RIC TIA test results from oscilloscope, (a) Input signal as a sine wave, and (b)
Input signal as a square wave.
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8.5.3 gm-boosted Multiple Stage Inductively Peaked TIA

The test results of gm-boosted multiple stage inductively peaked are shown in Fig. 8.9. The
peak-to peak-voltage from sine-wave and square-wave inputs are amplified to 62 mV and

142mV respectively. Thus, the transimpedance gain can be calculated by,

. . Vout—peak—to—
TransimpedanceGain = 20log (w]
i

in— peak —to— peak

=20log (Mj (8.05)
10uA

=75dB

Measure

@D Amplitude 57 6mV
| @ Peak-Peak 62.4mV Frequency

S

Measure

(@D Amplitude 130mV : :
| @B Peak-Peak  142mVv Frequency

00ns
[Please wait....

(b)

Fig. 8.9 gm-boosted multiple stage inductively peaked TIA test results from oscilloscope, (a) Input
signal as a sine wave, and (b) Input signal as a square wave.
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Chapter 9 Conclusion

In conclusion, five new topology designs of gm-boosted TIA along with simulation and
experimental results are presented using a 180nm CMOS technology for biomedical and sensor
applications. A theoretical analysis of transimpedance gain and input referred noise current
spectral density for all proposed topologies is provided and discussed in detail. After

comparison, three of them are fabricated and tested in the lab successfully.

Details of a gm-boosted common-source with source-degeneration stage and its new TIA
configuration for transimpedance gain has been presented. Simulations indicate that as
expected much higher gain is achievable using these structures employing the gm-boosting gain
“A”. A biasing scheme is also provided to configure the gm-boosted common-source with
source-degeneration stage as a TIA without which the amplifying device would be driven into

the triode region.

Besides, the gm-boosted Inv-Cas TIA and gm-boosted RIC TIA show excellent performance
which achieves higher transimpedance gain, lower input referred noise current spectral density
and low power consumption with reasonable bandwidth. These two are good fit for applications
that require high sensitivity, low input referred noise and low power dissipation. Next, the gm-
boosted multiple-stage inductively peaked TIA shows the best performance FoM within the
higher bandwidth. Furthermore, by using the inductive bandwidth extension technique, the
bandwidth of the TIA has increased by 17%. And the gm-boosted doubly folded push-pull TIA
is an option for high gain and high bandwidth applications with limited input noise current and
power consumption requirement. The experimental results are found to be reasonably close to

the simulations.
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1 INTRODUCTION

The common source with source degeneration is well known in analog CMOS integrated
circuits and is discussed in detail in text-books' and other avenues. It is implemented in
numerous building blocks for signal conditioning and for boosting the output impedance of
analog circuits. Improvement of its intrinsic gain and output impedance can further enhance
the performance of such analog building blocks. In this context, the implementation and
comprehensive small-signal mid-band characteristics of a gn-boosted common-source
amplifier with source degeneration is investigated in this work. The full circuit analysis of a
gm-boosted common-source amplifier with source degeneration or its transimpedance
amplifier (TIA) derivative has not been reported before. A basic gm,-boosted common source
with source degeneration was introduced in literature? but without comprehensive small-
signal analysis. The g-boosting technique has been employed in many analog building
blocks such as transconductance amplifiers®, TIAs’, RF frontend LNA®, RF mixers?, sensor
instrumentation amplifier,'? and so forth. In several recent articles, using a simplified
inspection technique,'" the second author reported many CMOS gn,-boosted topologies,
which were analyzed by providing their complete mid-band gain derivation, which was not
available before. This paper explores the behavior of the gn,-boosted common-source stage
with source degeneration using this simplified inspection technique. Elementary Norton's and
Thevenin's source transformations'? along with suitable conversion of dependent current
sources into simple conductors/resistors'" '3 is employed for a “pictorial” and simplified
determination of mid-band gain expressions. Progressively simplified small-signal circuits
are employed, which eliminates the use of complicated nodal or mesh analysis in extracting
elegant expressions. The paper also discusses the structural transformation of the g,-
boosted common source with source degeneration into a TIA for sensing and detection
applications. In order to provide a verification of the design enhancements achieved by the
gm-boosted common source with source degeneration, comparison with the ordinary
common source with source degeneration is also provided through circuit simulations.
Overall, this paper fully explores the gn,-boosted common source with source degeneration
and provides new “pictorial” transformation-based mid-band derivations with an underlying
tutorial flavor. Standard symbols' %% > are employed for all the MOSFET parameters in the
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small-signal analysis following the general convention for electronic circuit analysis. As a
note on the use of well-defined composite current/voltage notations'4, it is to be mentioned
that all the voltages and currents in lowercase alphabets along with uppercase subscripts
are quantities containing both a large-signal DC bias and a small-signal (AC) fluctuation
superimposed on it. Also, all the uppercase voltage/current notations along with uppercase
subscripts are DC quantities. Further, all the lowercase voltage/current notations along with
lowercase subscripts are AC quantities.

2 TRANSCONDUCTANCE BOOSTED COMMON SOURCE
WITH SOURCE DEGENERATION AND ITS INSPECTION-
BASED MID-BAND ANALYSIS

Figure 1 shows the topology and the simplified progressive “pictorial” inspection-based
analysis of the gn,-boosted common source with source-degeneration stage. A differential
amplifier with gain A is used in a negative feedback loop around the gate and the source of
the NMOS amplifier device M1. The equivalent topologies of the g,-boosted common source
with source degeneration using current sources or resistors are shown in Figure 1A. The gn-
boosting differential amplifier with gain A is considered to have high input impedance
(similar to that of an ideal operational amplifier'?) so that there is no current flowing into its
terminals at mid-band frequencies. The input to the common-source stage is applied
through the positive (non-inverting) terminal of the g,-boosting amplifier that also contains
the DC-bias (common-mode) input. This common-mode voltage is equal to the DC-bias
voltage at the negative (inverting) terminal of the gn,-boosting amplifier, which is the same as
the DC voltage at the source of M1. The gate of the common-source device M1 is biased by
the DC level at the output of the g,-boosting differential amplifier. The AC equivalent circuit
is shown in Figure 1B. The negative feedback termination can be verified as follows: If there
is a slight increase in the voltage at the source of M1 that will result in a slight decrease in
the voltage at the gate of M1 (small-signal voltage at the output of the differential amplifier),
as a consequence, the drain current of M1 will reduce. Because of the reduced drain current,
the voltage at the source of M1 will reduce slightly, thus opposing the previous increase and
imparting stable operation. Figure 1C depicts the small-signal mid-band equivalent circuit for
the gm-boosted common source with source degeneration with the gate g7 at a small-signal
voltage of A (vin — ). Usually at this stage, circuit analysis equations (simultaneous nodal or
mesh equations) are employed to determine the mid-band gain using Figure 1C. Instead, a
progressive “pictorial’-based method'" '3 is used here in determining the mid-band gain.
Following on, in Figure 1D, the output of the gn-boosted common source with source
degeneration is AC-shorted to ground in order to find the G, of the Norton amplifier
model.’® In the next diagram, in Figure 1E, the small-signal equivalent model for Figure 1D is
shown, which can be used for finding the G, of the gn-boosted common source with source
degeneration. Following on, in Figure 1F, the transconductance current source is partitioned
into two current sources for the purpose of simplification. It is easily observed now that
—gm1(A+ 1)vy and gmp1Vp1s1 are current sources due to the same voltage (0 - vy) across them
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(with voltages at b7 and s7 being 0 and vy, respectively). Voltage-dependent current sources
that are due to the voltage across themselves can be converted into a simple
resistor/conductor,’’ '3 which is shown “pictorially” in the two-step circuit equivalence and
transformation diagrams in Figure 1G,H. The final simplified form of this transformation
from Figure 1H is next incorporated into Figure 11, where =gm1(A + 1)vy and gmp1Vp1s1 are
reduced to just two conductors of values gn1(A+ 1) and gmp1, respectively. Also, in Figure 11,
it is evident that the current source gm1Avin, is divided into four parts flowing into the
conductors: (1/Rs), gm1(A+ 1), 8mb1, and (1/ry1). Further, it is easily observed that the short-
circuit output current iyt sc is equal and opposite to the part of gm1Avi, flowing through Rs.

AC equivalent
circuit

(©) (D)
AC equivalent
Vout circuit
Vin A(Vim vy &ml Yglsl >
;{s;/\,%;“ ¥) =Emi[A(vjy- vy) -yl mbl blsl@ %61 Ry, .
vy S=0 = . »
L Rg = ‘out_sc
; _T_bl vy
(E) (F) T : -
Vout " dl A
v g1 1 > n A(Vin-Yy) Y | ]
in A ) Sml Yglsl ) m= 'y - | g v i
AS (g“‘ ¥) = Zml[A (Vi vy) - y] mbl blsl bi| SRy gl Sml AVin\ V- g1 (A+1)" e o
' v, = 12
\)_ =0 51 L y Si=0 sl R sl Yy
b1 b
'l‘ ‘out_sc = = fout_se
(G) (H) a1

Em1 (A1) (=vy) (M

- 21 (A+]) vy Zm1 (A+1)

(|)

Yin 1
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dl Vout

W =0 sl M
S 101

‘out_sc

‘out_sc

FIGURE 1

Open in figure viewer | ¥PowerPoint
Circuit topology and successive inspection-based “pictorial” analysis of the gm-boosted common source with source
degeneration to find G: (A) equivalent forms with current source or resistive degeneration and load; (B) AC equivalent

circuit; (C) small-signal equivalent circuit; (D) AC equivalent circuit with output AC-shorted to ground; (E) small-signal
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equivalent circuit with output shorted to ground; (F) the output-shorted small-signal equivalent circuit with the

transconductance current source partitioned into two; (G) the first step in the transformation of the current sources
—gm1(A+ 1)vy and gmb1vb1s1; (H) the second step in the transformation of —gm1(A+ 1)vy and gmp1vb1s1 iNto conductors
gmi(A+ 1) and gmp1 respectively; and (1) the final equivalent circuit simplified by incorporating gm1(A+ 1) and gmp1 as

replacements for —gm1(A+ 1)vy and gmp1Vb1s1, respectively
Hence, by employing the simple current-division formula in Figure 11,

1
Emb1 + [A+ 1 ]gml +$

Rs+ !
S B H(A+1)Em +ﬁ

J:uut_:w;: = _.gmlAvin

or,

1
gmh.+m+lbgm.+$

Vi Rs+ —_—
mn 5 Emp +(A+1)gm +ﬁ

By rationalizing the above right-hand-side expression,

Fo1
Rsro18€mp + Rs(A+1)g,ro1 + Rs+ra

Gl’l'l = _gmlA

Next, Figure 2 shows the “pictorial” transformations for finding the Ry of the g,-boosted
common source with source-degeneration stage's Norton amplifier model. In Figure 2A, the
input is AC short-circuited to find the Ro. Figure 2B,C shows the successively simplified AC
small-signal model of the input short-circuited gn-boosted common source with source-
degeneration stage. Next, in Figure 2D, the two dependent current sources being due to the
same voltage vy, are accumulated into one current source along with an inversion of the
direction of the arrow to account for the negative values of the two current courses. Finally,
in Figure 2E, the Norton current source with parallel resistance r, is converted into a
Thevenin's voltage source with a series resistance ry1. Royt Can now be easily determined
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from Figure 2E by dividing the total small-signal (AC) voltage from the output terminal to
ground by the small-signal (AC) loop current (ijo0p = Vy/Rs) flowing along the loop shown by

the curved line with the arrow.

(B) dl "Rou( ’Roul
A0 =vy) fml Vglsl = g . v - Vout vy = Vout
i Pl EmIA(0 =vy)-vy] Sl'mbl blsl ol ‘ 3 ol
vy S=o sl vy 'y
iRS 101 = 101 L
i ’ ’ Rout
(D) dl r Rout
A(0=vy . Vout
( y y) [Bm1 A+D +&pp1 vy ( % 51 vy
R = r— Rg
Rg sl b} J_

' 151 L

FIGURE 2

Open in figure viewer | ¥ PowerPoint

Finding the Ryt of the Norton amplifier model for the gm-boosted common source with source degeneration: (A) AC
equivalent circuit with input shorted to AC ground, (B) small-signal equivalent circuit of the input-shorted amplifier, (C)
further simplification of the circuit in (B), (D) merging the gm-boosted transconductance and the body transconductance

current sources and inversion of the current direction, and (E) conversion of the merged Norton circuit into Thevenin's

form

Hence, the R,y can be found in just two steps as
Vy
Vout = R_rul + HA+ l)gml +gmbl]v}’rﬂl + vy
S

4

and
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Y
Vour _ T:;‘irﬂl +[(A+ 1)8m +gmb1]v}frnl +Vy

=
g
Il
l

vy

II-I+::l:h|:r Rs

(5)

or,

Rout = Rsrﬂlgmhl + RS(A + l)gmlr‘-‘l + Rs+ 1o

Finally, using Equations 3 and 6, the no-load (intrinsic) gain of the g,-boosted common
source with source-degeneration stage (determined by employing an ideal current-source
load) is given by

no—load _
A\,r - Gm Ruut

(7)

Fol
A
. Rsrulgmm + RS(A + l)gm,rul + Rs+ro
strmgmhl -+ Rb(a‘ﬂk + 1)gm1r0[ + Rs+rqg

=8

(8)

= _grnlﬁLrul
9)
So, the intrinsic gain is increased by a factor of A compared to the ordinary common source

with source degeneration. For a finite load R instead of an ideal current-source load, the
gain is given by

AEnile—lﬂad — Grn(Ruut//RL}
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(10)

or,

gmlArﬂlRL
Ry + Rsr@[gmb] 4+ Rs{A + l}gm, ro1 + Rs + o

finite —=load __
Aqh,r —_—

(11

3 TRANSCONDUCTANCE BOOSTED COMMON SOURCE
WITH SOURCE DEGENERATION AS A TIA

TIAs are one of the most important analog signal conditioning circuits particularly for
meeting challenging current-sensing specifications in today's exploding sensor and
biomedical applications. This is in addition to the traditional broadband optoelectronic
storage and communication applications employing inductive bandwidth enhancements.
Any amplifier topology can be configured to operate as a TIA. Here, we investigate the TIA
configuration of the g,-boosted common source with source degeneration, which has not
been reported before. Figure 3 shows the standard common source with source
degeneration converted into a TIA employing a current-feedback resistor Rr and an input
current signal ii, to produce a sensed output voltage. Here, Rg also provides the drain-
feedback DC bias at the gate of M1. This drain-feedback biasing allows the device M1 to be
in strong inversion saturation by maintaining a suitable Vps (= Vs) so that Vps > (Vs — V).
However, in the case of the g,-boosted common source with source degeneration, such
drain-feedback biasing will not work. This is because the DC-bias voltages at the input
terminals of the gn,-boosting differential amplifier are equal (common-mode voltage) and
drain-feedback biasing will result in the Vps of M1 to be 0 and consequently M1 will be
driven into the triode region. Hence, a novel biasing scheme is provided for the proper
operation of the gn-boosted common source with source degeneration in a TIA
configuration as shown in Figure 4A. An appropriate current /gjas is forced through the
diode-connected device M2, which independently sets the DC voltage at the positive
terminal of the gn-boosting amplifier to the DC voltage Wy at the negative terminal (the
common-mode voltage). Thus, the DC voltage at the drain of M1 can be relaxed to be set at
an appropriate higher value in order to keep M1 in saturation. In addition, the small-signal
feedback current through Rr can conveniently add algebraically to the small-signal input
current jj, at the positive terminal of the gn-boosting amplifier, thus providing closed-loop
current-feedback operation. Next, Figure 4B shows the AC equivalent circuit of the TIA where
the bias circuit presents the small-signal impedance (Req_bias) given by
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Req_bias: — T
Em2 Faz

(12)

The open-loop AC equivalent circuit for determining the loop gain and the closed-loop
transimpedance gain is shown in Figure 4C, which is the gn,-boosted common source with
source-degeneration topology. This circuit is obtained employing a two-port Y model for the
feedback path? so that the admittance parameters are Y;; = 1/Rr and Y,, = 1/R¢ for the open-
loop feedforward TIA (with the effect of feedback loading). Also, the feedback factor B is
given by the admittance parameter Y1 = 1/Rg. It has input voltage vi, corresponding to the
input current ii, and the output voltage vo ¢ as shown in the figure along with a load
resistance R (= R/Rf). Hence, employing Equation 11,

Aopen—loop _ Vout _ gmAro1(RL//Rr)
v Vin (R.//Rg) + Rsro18mp; + Rs(A+1)g,Fo1 + Rs + ro

(13)

where vj,, the equivalent small-signal voltage at the positive terminal of the g,-boosting
amplifier, is given by

(14)

Hence, the open-loop transimpedance gain is given by

gmi1Aro1(RL//RF) (E!—_,_ILT_I')
ZF}[‘.&EI‘I—l{!ﬂp_ _ ms " ro2 © Ry

A

(RL//Rg) + Rsro18,; + Rs(A+1)g, 1701 + Rs + ro1

And the closed-loop transimpedance gain is given by
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s Aro(Ry//Rp :
EmAra (RL/ /RF) m

ZCIHS'E'E'— 10ﬂp = [RL"III"'IRF} + R-\'rnlgm'hl + R‘brﬁ +1 ]gmlrﬁ" + R.“i + o

TIA -

Ary (Ry //Rg) l
1 B o liy /Ry m

1+ Rr (RL//Rp)+ Rsro18mm + Rs(A+1)gy Fo1 + Rs + rar

(16)

where the standard feedback factor 8= 1/Rg.

in A

FIGURE 3

Open in figure viewer | ¥PowerPoint

A common source with source degeneration wired up in a transimpedance amplifier configuration
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FIGURE 4

Open in figure viewer | ¥PowerPoint
A gm-boosted common source with source-degeneration stage configured for operation as a transimpedance amplifier,
(A) with bias circuit for proper operation as a current-feedback amplifier, (B) its AC equivalent circuit, and (C) the open-

loop circuit for determining the loop gain and the closed-loop transimpedance gain

4 PERFORMANCE VERIFICATION THROUGH
SIMULATION RESULTS

Simulations were carried out on Cadence for the presented circuits employing a 1.8-V power
supply, current-source load and resistive source degeneration. Similar device sizes and
component values were employed for the corresponding transistors and resistors for the
gm-boosted and the non-g,-boosted (basic) amplifiers for their performance comparisons.
Figure 5A shows the gn,-boosted common source with source-degeneration stage for
simulation along with the transistor-level diagram of the g,-boosting amplifier. The device
sizes and component values were as follows: W/L=2 ym/0.2 ym for M1, W/L=2 ym/0.370
pum for M2, W/L=2.8 um/0.220 um for M3 and M4, W/L =6 um/0.220 um for M5 and M6, W/L
=4.4um/0.180 ym for the tail device M7, and finally, Rs =10 k. The bias voltages Vs, and V7
were 695 and 590 mV, respectively, whereas the common-mode DC input voltage at vj, was
701 mV. Figure 6 shows that the voltage gain of the g,-boosted common source with source-
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degeneration stage is much higher compared with that for the common source with source-
degeneration stage without g, boosting for similar size of gain device, load device, and
source-degeneration resistor. Next, Figure 7 shows a comparison of the voltage gain of
common source with source degeneration, with and without g, boosting with increasing
value of a finite resistive load R_. With increasing finite load resistance R, the gain of the
amplifier approaches toward the intrinsic gain of the amplifier. Hence, in agreement with the
expression for the intrinsic gain of the ordinary common source with source degeneration
(gmro) compared with that of the g,-boosted common source with source degeneration
(Agmro) given by Equation 9, the gain increases rapidly with R in the case of the g, boosting.
This verifies the gain enhancement achieved by employing the g, boosting.

(A)

M5 B3\ B6
G5, Gé|_4 D3, D5

FIGURE 5

Open in figure viewer | ¥PowerPoint
(A) A gm-boosted common source with source-degeneration stage for simulation and (B) a TIA configuration of the g,-

boosted common source with source degeneration for simulation
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Comparison of the voltage gain of common source with source degeneration, with and without g, boosting
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VOLTAGE GAIN VS. LOAD R, WITH/WITHOUT gm BOOSTING
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Comparison of the voltage gain of common source with source degeneration, with and without g, boosting with

increasing value of a finite resistive load R

Next, Figure 5B shows the TIA configuration of the g,-boosted common source with source
degeneration for simulation along with the transistor-level diagram of the gn,-boosting
amplifier. The device sizes and component values were as follows: W/L =2.7 um/0.180 ym for
M1, W/L=5.5um/0.220 um for M2, W/L = 2.8 um/0.220 um for M3 and M4, W/L =6 um/0.220
pum for M5 and M6, W/L = 4.4 um/0.180 pm for the tail device M7, W/L = 3.5 ym/0.180 um for
the bias device M8, the source degeneration Rs =6k, and the feedback resistor Rr=1 k. Also,
the bias current /Igjas = 15 pA and the bias voltages Vg, and Vg7 are respectively 800 mV and
590 mV. Figure 8 shows the comparison of the transimpedance gain of the TIA configuration
of common source with source degeneration, with and without g, boosting. It is clearly seen
that the voltage gain of the g,-boosted common source with source-degeneration TIA is
much higher compared with that for the ordinary common source with source-degeneration
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TIA without g, boosting for similar size of gain device, load device, feedback resistor, and
source-degeneration resistor.

TRANSIMPEDANCE GAIN VS. FREQUENCY
WITH/WITHOUT gm BOOSTING
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FIGURE 8
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Comparison of the transimpedance gain of the TIA configuration of common source with source degeneration, with and

without gr, boosting

5 CONCLUSION

Details of a gm-boosted common source with source-degeneration stage and its new TIA
configuration for transimpedance gain have been presented. Simplified inspection-based
small-signal analysis is provided for these structures that do not require the solution of any
simultaneous nodal or mesh equations. Simulations indicate that as expected, much higher
gain is achievable using these structures employing the g,-boosting gain A. A biasing
scheme is also provided to configure the g,-boosted common source with source-

https://onlinelibrary.wiley.com/doi/10.1002/cta.2972 14/17


https://onlinelibrary.wiley.com/cms/asset/4b04035b-55c8-4a7e-a01c-a64233b1ae30/cta2972-fig-0008-m.jpg
https://onlinelibrary.wiley.com/action/downloadFigures?id=cta2972-fig-0008&doi=10.1002%2Fcta.2972

3/22/2021 On the gm-boosted common source with source degeneration and its configuration as a transimpedance amplifier - Zhang - - Interna. .

degeneration stage as a TIA without which the amplifying device would be driven into the
triode region.
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